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PREFACE 


The object of this book is, first, to present in a volume of 
medium size the fundamental principles and processes and a 
few of the multitudinous applications of invariant theory, 
with emphasis upon both the nonsymbolical and the symbol- 
ical method. Secondly, opportunity has been taken to empha- 
size a logical development of this theory as a whole, and to 
amalgamate methods of English mathematicians of the latter 
part of the nineteenth century — Boole, Cayley, Sylvester, 
and their contemporaries — and methods of the continental 
school, associated with the names of Aronhold, Clebsch, 
Gordan, and Hermite. 

The original memoirs on the subject, comprising an ex- 
ceedingly large and classical division of pure mathematics, 
have been consulted extensively. I have deemed it expe- 
dient, however, to give only a few references in the text. The 
student in the subject is fortunate in having at his command 
two large and meritorious bibliographical reports which give 
historical references with much greater completeness than 
would be possible in footnotes in a book. These are the 
article “ Invariantentheorie” in the “Enzyklopadie der mathe- 
matischen Wissenschaften” (I B 2), and W. Fr. Meyer's 
“ Bericht tiber den gegenwartigen Stand der Invarianten- 
theorie” in the “ Jahresbericht der deutschen Mathematiker- 
Vereinigung ” for 1890-1891. 

The first draft of the manuscript of the book was in the 
form of notes for a course of lectures on the theory of inva- 
riants, which I have given for several years in the Graduate 
School of the University of Pennsylvania. 

The book contains several constructive simplifications of 
standard proofs and, in connection with invariants of finite 


ili 


@S1461 


lv THE THEORY OF INVARIANTS 


groups of transformations and the algebraical theory of ter- 
nariants, formulations of fundamental algorithms which may, 
it is hoped, be of aid to investigators. 

While writing I have had at hand and have frequently 
consulted the following texts: 


Cresscu, Theorie der bindéren Formen (1872). 

CLEeBSCH, LINDEMANN, Vorlesungen tiber Geometrie (1875). 

Dickson, Algebraic Invariants (1914). 

Dickson, Madison Colloquium Lectures on Mathematics (1913). I. In- 

: variants and the Theory of Numbers. 

Exvxiott, Algebra of Quantics (1895). 

Fad pi Bruno, Théorie des formes binaires (1876). 

GorDAN, Vorlesungen iiber Invariantentheorie (1887). 

GRACE and YounG, Algebra of Invariants (1903). 

W. Fr. Meyer, Allgemeine Formen und Invariantentheorie (1909). 

W. Fr. Meyer, Apolaritaét und rationale Curven (1883). 

Sautmon, Lessons Introductory to Modern Higher Algebra (1859; 4th 
ed., 1885). 

Srupy, Methoden zur Theorie der terniren Formen (1889). 


O.. E. GLENN 
PHILADELPHIA, Pa. 
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CHAPTER I 
THE PRINCIPLES OF INVARIANT THEORY 


SECTION 1. THE NATURE OF AN INVARIANT. 
ILLUSTRATIONS 


WE consider a definite entity or system of elements, as the 
totality of points in a plane, and suppose that the system is 
subjected to a definite kind of a transformation, like the 
transformation of the points in a plane by a linear trans- 
formation of their codrdinates. Invariant theory treats of 
the properties of the system. which persist, or its elements 
which remain unaltered, during the changes which are im- 
posed upon the system by the transformation. 

By means of particular illustrations we can bring into 
clear relief several defining properties of an invariant. 


I. An invariant area. Given a triangle ABC drawn in 
the Cartesian plane with a vertex at the origin. Suppose 
that the codrdinates of A are (2,, y,); those of B (x, ¥2). 
Then the area A is 

A = 3 (2192 — 221): 


or, in a convenient notation, 
A = 3(ty). 
Let us transform the system, consisting of all points in the 
plane, by the substitutions 


w= Dye! + y's Y= Age! + May’. 
B 
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' <The area of the triangle into which A is then earried will be 


A! = 4alyh — ay) = 4Ce'y), 
and by applying the transformations directly to A, 


A= OAYybg = AgHyAN (?) 
If we assume that the determinant of the transformation is 
uy D=(rp)= 1, 
then Ai 


Thus the area A of the triangle ABC remains unchanged 
under a transformation of determinant unity and is an in- 
variant of the transforma- 

tion. The triangle itself is 

B A not an invariant, but is car- 
ried into abC. The area 

A is called an absolute in- 

variant if D=1. If D+1, 

all triangles having a vertex 

- a _ at the origin will have their 
| a Ree coed areas multiplied by the same 
Cl number D-! under the trans- 
3 formation. In such a case 
A is said to be a relative invariant. The adjoining figure 
illustrates the transformation of A(5, 6), BC4, 6), CQ0, 0) by 
means of 


] 


a=aaty,y=r'+2Zy'. 

II. An invariant ratio. In I the points (elements) of the 
transformed system are located by means of two lines of 
reference, and consist of the totality of pointsina plane. For 
a second illustration we consider the system of all points on 
a line EF. 

We locate a point C on this line by referring it to two 
fixed points of reference P,Q. Thus C will divide the 
segment PQ in a definite ratio. This ratio, 


PO/CQ, 
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is unique, being positive for points C’ of internal division and 
negative for points of external division. The point C is 


Ee vi 9 Paes _ oF 


said to have for codrdinates any pair of numbers (2, 2%) 
such that : x, POC 


Le OQ 


where A is a multiplier which is constant for a given pair of 
reference points P, Y. Let the segment P@ be positive and 
equal to w. Suppose that the point C is represented by the 
particular pair (p,, 2), and let D(q, q.) be any other point. 
Then we can find a formula for the length of CD. For, 


(2) 


LES eat esol COGS 2a! eer 
Po MP, Mi +P, Mit Py 
and dS ta 
q AN+% 
Consequently ers 
She Opt 2 (Aq + 9) AP1 + Po) o 


THEOREM. The anharmonic ratio {| CDEF? of four points 
Cp Pe)» DO» I2)s ECry 2), FCS 82), defined by 
CD. EF 
OF. ED’ 


is an invariant under the general linear transformation 


' ODEF} = 


T:2,= yz} + a2, Ly = At, + Hs (Ap) # 9. (31) 
In proof we have from (3) 


onary = Pdr 
= nn 


But under the transformation (cf. (1)), 
(qpy=An)(q'P")s (4) 
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and soon. Also, C, D, #, F are transformed into the points 
"(pis Pa)s D' (Gp Ga)s E' (rj 79)s F" (8p 83), 
respectively. Hence 


CDEF} = GIG) _ TPIC'T) _ orp AF 
eS apy qn) PGT) : 


and therefore the anharmonic ratio is an absolute invariant. 


III. Aninvariant discriminant. A homogeneous quadratic 

polynomial, 

f= yx? + 2 a,24% + AyX>, 
when equated to zero, is an equation having two roots which 
are values of the ratio z,/z,. According to II we may repre- 
sent these two ratios by two points C(p,, p,), Dg q_) on 
the line HF. Thus we may speak of the roots (p,, p.), 
(1 G2) of f. 

These two points coincide if the discriminant of f vanishes, 
and conversely ; that is if 

D=4(a,a, — a?)=0. 

If f betransformed by 7, the result is a quadratic poly- 

nomial in 2}, x, or 
S' = aha + 2 alae, + age. 

‘Now if the points (, D coincide, then the two transformed 
points C’, D! also coincide. For if CD= 0, (8) gives (gp) 
=(0. Then (4) gives (q'p’) =0, since by hypothesis Ap) +0. 
Hence, as stated, C’ D! = 0. 

It follows that the discriminant D’ of f’ must vanish as a 
consequence of the vanishing of D. Hence 

De KD, 

The constant K may be determined by selecting in place 
of f the particular quadratic f, = 22,7, for which D=— 4. 
Transforming f, by 7 we have 


FH 2 yg? + AAMy + Ag) My%q + 2 My My 5 
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and the discriminant of f; is D!’=—4(rp)?. Then the sub- 
stitution of these particular discriminants gives 


—4Qp)?=— 4K, 
KK = (Ap)*. 


We may also determine £ by applying the transformation 7 
to f and computing the explicit form off’. We obtain 


Ui = AyAZ + 2 ayAyAg + AA, 
Uy = Ady by + Ay (Ayo + AgMy) + AgAgbos (5) 
Uy = Agee + 2 Ayoy by + AM3, 


and hence by actual computation, 


4 (ajal, — af) = 40Ap)?( ag — 43), 
or, aS above, 
P= OD. 
Therefore the discriminant of fis a relative invariant of 7 
(Lagrange 1773) ; and, in fact, the discriminant of f’ is 
always equal to the discriminant of f multiplied by the 
square of the determinant of the transformation. 


PRELIMINARY GEOMETRICAL DEFINITION. If there is 
associated with a geometric figure a quantity which is left 
unchanged by a set of transformations of the figure, then this 
quantity is called an absolute invariant of the set (Halphen). 
In I the set of transformations consists of all linear trans- 
formations for which (Aw)=1. In I] and III the set consists 
of all for which (Ap) + 0. 


IV. An invariant geometrical relation. Let the roots of 
the quadratic polynomial f be represented by the points 
(Py Po)s ("yp %q), and let ¢ be a second polynomial, 


h = bor? + 2 b 2,7, + 6,23, 
whose roots are represented by (4, Gq)s (84) 8)» OF, in a 


briefer notation, by (q), (s). Assume that the anharmonic 
ratio of the four points (p), (q), (7), (s), equals 'minus one, 
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(sp) (qr) 
The point pairs f= 0, @¢=0 are then said to be harmonic 
conjugates. We have from (6) 
2h 2 pyf'o81G + 2 Py 8092 — (P12 + Pat) (M182 + G81) = 9. 
sa SF = (By Py — LoPy) (@Ly"2 — %""1)s 


D = (2 ]q — XqJ1) (Xy8q — X81). 
Hence 


My = Poa 2 = — (Poy + Py"2)) % = Pry 
by = Ga8o» 2 by = — (4081 + 9180), 9 = G8), 
and by substitution in (2h) we obtain 
h= ab, — 2 a,b, + a,b, = 9. (7) 
That / is a relative invariant under 7’ is evident from (6): 
for under the transformation f, ¢ become, respectively, 
Fl = (By Py — ©2P) (2172 — UN)s 
P= (29) — 7291) (2189 — 7981), 


ues Pix MsPi— MPe Pa ae + Ay Pay 
T= Mal — MyTas 7 = — gh + AYN: 
Hence 
(q'p)(8'') + Cp 7’) = O4e)*[ (Gp) (sr) + (sp)(gr)]. 
That i 18, ts. (Ap)?h. 


Therefore the bilinear function h of the coefficients of two 
quadratic polynomials, representing the condition that their 
root pairs be harmonic conjugates, 1s a relative invariant of the 
transformation T. It is sometimes called a joint invariant, 
or simultaneous invariant of the two polynomials under the 
transformation. 


\V. Aninvariant polynomial. To the pair of polynomials 
Ft, , let a third quadratic polynomial be adjoined, 


Y= cry + 2 042 4%_ + Cpa 
= (Pll, — Lyly) (ZyYq — Yq; )- 
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Let the points (u, Ug) (2, V2), be harmonic conjugate to the 
pair (p), (7); and also to the pair (q), (8s). Then 
Cot, —2¢,4,+¢,a, =), 
Cob, —2¢,6,+ 6,6, =0, 
C52 + 2 ¢ 12%, + 6,72 = 0. 


Elimination of the ¢ coefficients gives 


| ay As, | 
C= 4. b, by ee (8) 
2%, 24 


This polynomial, 
U= (gb, — 2459) 2} + (qbg — gb )ty%e + (aybg — Agb, a5, 
is the one existent quadratic polynomial whose roots form 
a common harmonic conjugate pair, to each of the pairs f, ¢. 
We can prove readily that C is an invariant of the trans- 
formation 7. For we have in addition to the equations (5), 
by = 5,A2 + 2 BA Ay + 5, A2, 
OS Oday + Oy Ayoy + AgMy) + Pyro Mas 2) 
2 = Omg + 2 by mde + by M5. 
Also if we solve the transformation equations 7 for x}, x, in 
terms of z,, x, we obtain 
Uy = (AH) (Met — My2Q)s (10) 
Ly = (AM) 1(— Age, + Ay). 
Hence when f, ¢ are transformed by 7, C becomes 
Cc 
 (AyAZ+ 2 AyAy Aq + AgAZ) [yA yHy + Fy (Ayog + Ao) + Faro hs | 
— (BAZ +2 ByAyry + bgAZ) [A AyHy + Ay AgMy + Aghy) + pAoMe | | 
X (AM) 2 May = My Xn)? +o ce 
When this expression is multiplied out and rearranged as 
a polynomial in 2,, 2, it is found to be (Aw) C. That is, 
C! = (Am) C, 


and therefore ( is an invariant. 
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It is customary to employ the term invariant to signify 
a function of the coefficients of a polynomial, which is left 
unchanged, save possibly for a numerical multiple, when the’ 
polynomial is transformed by 7. If the invariant function 
involves the variables also, it is ordinarily called a covariant. 
Thus D in III is a relative invariant, whereas (is a relative 
covariant. 


THE INVERSE OF A LINEAR TRANSFORMATION. The - 
process (11) of proving by direct computation the invari- 
ancy of a function we shall call verifying the invariant or 
covariant. The set of transformations (10) used in sucha 
verification is called the inverse of 7’ and is denoted by 77}. 


VI. An invariant of three lines. Instead of the Cartesian 
coordinates employed in I we may introduce homogeneous 
variables (2, %q, %3) to represent a point P in a plane. 
These variables may be regarded as the respective distances 
of P from the three sides of a triangle of reference. 

Then the equations of three lines in the plane may be written 
My1%y + Myy%y + Ayg%3 = 0, 
Mp1 + Aggy + Mpg%z = 0, 
Ag @y + Agy%a + Aggy = 0. 
The eliminant of these, 
oe Nad: age | 
D=|\Aq, gq Aya} » 

Ay, Ag, 438 
evidently represents the condition that the lines be concur- 
rent. For the lines are concurrent if D=0. Hence we 
infer from the geometry that D is an invariant, inasmuch as 
the transformed lines of three concurrent lines by the fol- 
lowing transformations, S, are concurrent : 

By = yWy + Bye + yy 
Ss yg =AqU, + MeL + MX, CAuY) 49. (12) 
Te = Net, + Meth + Yap. 
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To verify algebraically that D is an invariant we note that 
the transformed of 


Ai + Ag% + Aigt, (C= 1, 2, 8), 
by Sis 


iy + djghy + Ajgrg)X + (44h + Aigby + Qigbs t+ (4,17) 
+ Gg¥q + Gig¥3)¥3 (t= 1, 2, 3). (13) 


Thus the transformed of D is 


AyyAy + Agro + Mygrs — AyyMy + Ayyby + Ayghy 
DO = | dg )dy + Agghy + dgghz May + Arabs + Aoghts — 
AgiAy + Ago + Aggrg — AgyMy + Uggla + Aggfdy 
Ay + Aygo + AygVs 
Ag1¥1 + AggVo + Aggv3 
AsV + AagVy + AggVg 


= (Xi. (14) 


The latter equality holds by virtue of the ordinary law of the 
product of two determinants of the third order. Hence D is 
an invariant. ' 


VII. A differential invariant. In previous illustrations 
the transformations introduced have been of the linear 
homogeneous type. Let us next consider a type of trans- 
formation which is not linear, and an invariant which repre- 
sents the differential of the arc of a plane curve or simply 
the distance between two consecutive points (z, y) and 
(7+ dz, y + dy) in the (a, y) plane. 

We assume the transformation to be given by 


Ei Oe, Yo 0) ye, a), 


where the functions X, Y are two independent continuous 
functions of z, y and the parameter a. We assume (a@) that 
the partial derivatives of these functions exist, and (6) that 
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these are continuous. Also (¢c) we define X, Y to be such 
that when a= a, 


AG, Y= a, VQ, ¥, 4,) = ¥- 


Then let an increment 6a be added to a, and expand each 
function as a power series in 6a by Taylor’s theorem. This 
gives 


a! = X(2, Y, Ay) a CA I “o} ba + ++, 
: (15) 


y' = Y(a;, Ys ay) + My) Oa + oe, 


Oy, 
day 
Since it may happen that some of the partial derivatives of 
X, Y may vanish for a= a), assume that the lowest power 
of 6a in (15) which has a non-vanishing coefficient is (8a)*, 
and write (6a)* = 6t. Then the transformation, which is in- 
finitesimal, becomes 
cE a = % + Edt, 
yl =y + not. 


where &, 7 are continuous functions of xz, y. The effect of 
operating J upon the codrdinates of a point P is to add infin- 
itesimal increments to those codrdinates, viz. 


ox = E6t, 


by = not. Sd 


Repeated operations with J produce a continuous motion 
of the point P along a definite path in the plane. Such a 
motion may be called a stationary streaming in the plane 
(Lie). 
Let us now determine the functions &, 7, so that 
o = dx? + dy? 
shall be an invariant under J. 


By means of J, o receives an infinitesimal increment 6éc. 
In order that o may be an absolute invariant, we must have 


4 80 = dxéddx + dyddy = 0, 
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or, since differential and variation symbols are permutable, 


dadéx + dydédy = drdé + dydn = 0. 
Hence 


Thus since dx and dy are independent differentials 
0, ee + 7,= 0. 
That is, € is free from 2 and 7 from y. Moreover 
ee me let qe = 0. 
Hence & is linear in y, and » is linear in x; and also from 
Ee anime Es 
E=ay+ 8, n=—an+y¥. (17) 
Thus the most general infinitesimal transformation leaving 
o invariant is 
I:2) =a+(ayt+ B)8t, y= y+(—ar+y)e. (18) 
Now there is one point in the plane which is left invari- 
ant, viz. 
c=y/e, y=— B/«. 
The only exception to this is when «=0. But the trans- 
formation is then completely defined by 


a=axu+ Bot, y=y + ot, 

and is an infinitesimal translation parallel to the codrdinate 
axes. Assuming then that «+0, we transform coordinate 
axes so that the origin is moved to the invariant point. 
This transformation, 

e=at+y/e% y=y—B/u 
leaves o unaltered, and J becomes 

a’ =ax+ aydt, y! = y — axdt. (19) 
But (19) is simply an infinitesimal rotation around the 


origin. We may add that the case « = 0 does not require to 
be treated as an exception since an infinitesimal translation 
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may be regarded as a rotation around the point at infinity. 
Thus, 


THEOREM. The most general infinitesimal transformation 
which leaves o = dx? + dy” invariant is an infinitesimal rota- 
tion around a definite invariant point in the plane. 


We may readily interpret this theorem geometrically by 
noting that if o is invariant the motion is that of a rigid 
figure. As is well known, any infinitesimal motion of a plane 
rigid figure in a plane is equivalent to a rotation around a 
unique point in the plane, called the instantaneous center. 
The invariant point of J is therefore the instantaneous center 
of the infinitesi- 
mal rotation. 

The adjoining 
figure shows the 
invariant point 
(C) when the 
moving figure is 
a rigid rod #& one 
end of which slides on a circle S, and the other along a 
straight line Z. This point is the intersection of the radius 
produced through one end of the rod with the perpendicular 
to Z at the other end. 


L 


VIII. An arithmetical invariant. Finally let us intro- 
duce a transformation of the linear type like 


Ts y= AyXi + My ®yy Ly = Ag + My yp 

but one in which the coefficients A, w are positive integral 
residues of a prime number p. Call this transformation 7;,. 
We note first that 7, may be generated by combining the 
following three particular transformations : 

(4) = 2, + tay, % = 2 

(6) 2, = 2), = Ay (20) | 

(c) y= a %=— 2, 
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where t, X are any integers reduced modulo p. For (a) 
repeated gives 


v= (21 + tay) + tof! = a +2 tel, 2. = ee 
Repeated r times (a) gives, when rt =u (mod p), 
(d) 2,= 2) + uz), 2 = 2, 
Then (¢) combined with (d) becomes 
(€) 2% =— UX, + 2 t= — 2. 


| Proceeding in this way 7, may be built up. 
Let 


SF = ax? + 2 a,2,2, + 0,23, 
where the coefficients are arbitrary variables; and 

J = Ary + ay (Vixy + 2473) + AyX}, (21) 
and assume p= 38. ‘Then we can prove that g is an arith- 
metical covariant; in other words a covariant modulo 38. 
This is accomplished by showing that if f be transformed 


by 7; then g’ will be identically congruent to g modulo 3. 
When f is transformed by (¢) we have 


[oon AY. (eat 12 
fl = 42,7 — 2 ara, + ar". 
That is, 


/ / 
° . ! ae ! ee 
The inverse of (c) is 7, = 2, %,=—2,. Hence 
fees oe 
GJ = Uys + Ay (2 yU3 + Vig) + AX = 9; 
and g is invariant, under (¢). 
Next we may transform f by (a); and we obtain 
fisaen Ss fs 2 
Ay = Ay A, = Af + ay, a, = al? + 2 a,t + ay. 
The inverse of (a) is 
ae psoas es 
Ly = gy Ly = V1 — ty. 
Therefore we must have 


g! = a(x, — tay)* + (aot + 4) [(% — tg) ?aq + (4 — ty) 23] 
+ (aot? + 2 ayt + ay) xd (22) 
= art + a, (xix, + 1,23) + a,75 (mod 3). 
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But this congruence follows immediately from the follow- 
ing case of Fermat’s theorem : 


# =¢ (mod 3). 


Likewise g is invariant with reference to (6). Hence g is 
a formal modular covariant of f under 7}. 


SECTION 2. TERMINOLOGY AND DEFINITIONS. TRANS- 
FORMATIONS 


We proceed to formulate some definitions upon which 
immediate developments depend. 


I. An invariant. Suppose that a function of n variables, 
F, is subjected to a definite set of transformations upon 
those variables. Let there be associated with f some defi- 
nite quantity ¢@ such that when the corresponding quantity 
¢' is constructed for the transformed function jf’ the equality 

p'= Md 
holds. Suppose that M depends only upon the transforma- 
tions, that is, is free from any relationship with f. Then @ 
is called an invariant of funder the transformations of the set. 

The most extensive subdivision of the theory of invariants 
in its present state of development is the theory of invari- 
ants of algebraical polynomials under linear transformations. 
Other important fields are differential invariants and num- 
ber-theoretic invariant theories. In this book we treat, for 
the most part, the algebraical invariants. 


II. Quantics or forms. A homogeneous polynomial in x 
variables x1, Yq. +++, Zp, Of order m in those variables is called a 
quantic, or form, of order m. Ihlustrations are 


Conia. 2 2 3 
SI (@y, %q) = Mgt} + 8 ay TX, + 3 AgXXy + AgU}, 
i a hee, 
F(@yy Loy Lg) = Aggy LZ A+ 2 Ay 49% Lo + AqggV3 + = 491% 17s 
9 2 
HF 4 Ag VoXg + Ages: 


With reference to the number of variables in a quantic it 
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is called binary, ternary; and if there are n variables, 
n-ary. Thus f(%,, 2) is a binary cubic form; f(x, 2%, 7) a 
ternary quadratic form. In algebraic invariant theories of 
binary forms it is usually most convenient to introduce with 


each coefficient a; the binomial multiplier (7) as in f(a, X). 


When these multipliers are present, a common notation fora 
binary form of order m is (Cayley) 


T2is Bo) = (dys Gis 2s np Ug)” = Ot + ae Dae 


If the coefficients are written without the binomial numbers, 
we abbreviate 


F245 Bq) = Gg: Gs 3 en 0s Fg)” = yt Oe 
The most common notation for a ternary form of order m is 
the generalized form of f(a, %, 73) above. This is 


m 
S(@y Vay 3) = > a UM yqrU {UU 39 
nite [Pla 

_ where p, q, 7 take all positive integral values for which 
pt+qtr=m. It will be observed that the multipliers 
associated with the coefficients are in this case multinomial 
numbers. Unless the contrary is stated, we shall in all cases 
consider the coefficients a of a form to be arbitrary variables. 
As to coordinate representations we may assume (2, Xp, X3), 
in a ternary form for instance, to be homogenous coordi- 
nates of a point in a plane, and its coefficients a Aner to be 
homogenous coérdinates of planes in M-space, where M+ 1 
is the number of the a’s. Thus the ternary form is repre- 
sented by a point in M dimensional space and by 4 curve in 
a plane. 


III. Linear transformations. The transformations to 
which the variables in an n-ary form will ordinarily be sub- 
jected are the following linear transformations called colline- 


ations: 
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By = YX + MyLy + ov + OL 
a = NgV] + Myth + +++ + op2h, (23) 


Ly = Nyy + MB + +++ + OpLp. 

In algebraical theories the only restriction to which these 
transformations will be subjected is that the inverse trans- 
formation shall exist. That is, that it be possible to solve for 
the primed variables in terms of the un-primed variables (cf. 
(10)). We have seen in Section 1, V (11), and VIII (22) 
that the verification of a covariant and indeed the very exist- 
ence of a covariant depends upon the existence of this inverse 
transformation. 


THEOREM. A necessary and sufficient condition in order 
that the inverse of (23) may exist is that the determinant or 
modulus of the transformation, 


Ayr By Vy tres Oy 
Nar Mgr Vay +9 Fe 


M= (Apso) = : 


ns Fns Ynys ***s Tn 


shall be different from zero. 


In proof of this theorem we observe that the minor of any 


element, as of w,, of M equals OM Hence, solving for a 


Mb; 
variable as 2}, we obtain 
i M(x, OM | eee coe 45 ) 
Op, 0 fy O Mn 


and this is a defined result in all instances except when 
M = 0, when it is undefined. Hence we must have M+ 0. 


IV. A theorem on the transformed polynomial. Let f be a 
polynomial in z,, 2, of order m, 


F (By La) = Arf + Maya ry + (3 laget223 i 
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Let f be transformed into f’ by T (cf. (8,)), 


apes Im Im-1 pl : m 
fl = ayy" +mayxy""12, + + +(™ 


/ 
Jeera + +++ +a),a}". 
We now prove a theorem which gives a short method of 
constructing the coefficients a), in terms of the coefficients 
Qos siese> fs 


THEOREM. The coefficients al. of the transformed form f! are 
given by the formulas 


+ gt = =*/ Hy +H ae Ma) Pa 
ee lin ay 2a v2 Oe 


In proof of this theorem we note that one form of f’ is 
F Age) + oh Aer + Myt}). But since f is homogeneous this 
may be written 


Sl = ar Ff Aq A My%9/Lyy Ag + Me@/21)- 


We now expand the right-hand member of this equality by 
Taylor’s theorem, regarding x}/z; as a parameter, 


fl= An f (Aq, Ag) + o(u xf Or Ag) 


a (st) (3 x) F yy Ag) + 
siGfoahrose =] 
) 


where a 
(u 4)- (1 an + My ar 


f= FQ dant +7 (Way) On Meas + 


daa a 
af mn“) FO Ag )@Q”™ 
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Comparison of this result with the above form of f’ involving 
the coefficients a} gives (23,). 

An illustration of this result may be obtained from (5), 
Here m = 2, and 


My) = AAT + 2 aAyrg + AAZ = (Ay Ay) = Soy 


te Mee, 


1/f 3 
My = Abt + 2 ay My by + Ayh3 = 5( =) SF (Ap Ag). 


V. A group of transformations. If we combine two trans- 
formations, as 7’ and 


TQ’ : = a+ 71°29 
ft, 4+ ales 
there results 
1 ie a yds + Mabe) @y + Ayn + Hy.) 2) 
7 os ' a f 
Uy = (Ag Ey + Mob) ey + Ag + Mog) %2- 


This is again a linear transformation and is called the prod- 
uct of Zand 7’. If now we consider A,, A,, #y, #, in T to 
be independent continuous variables assuming, say, all real 
values, then the number of linear transformations is infinite, 
i.e. they form an infinite set, but such that the product of any 
two transformations of the set is a third transformation of 
the set. Such a set of transformations is said to form a 
group. The complete abstract definition of a group is the 
following : 

Given any set of distinct operations 7, 7", 7", +, finite or 
infinite in number and such that: 

(a) The result of performing successively any two opera- 
tions of the set is another definite operation of the set which 
depends only upon the component operations and the sequence 
in which they are carried out : 

(8) The inverse of every operation 7’ exists in the set; 
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that is, another operation 7’! such that 7’7'™ is the identity 
or an operation which produces no effect. 

This set of operations then forms a group. 

The set described above therefore forms an infinite group. 
If the transformations of this set have only integral coeffi- 
cients consisting of the positive residues of a prime number 
p, it will consist of only a finite number of operations and so 
will form a finite group. 


VI. The induced group. The equalities (24) constitute a 
set of linear transformations on the variables ap, a,, a4). Like- 
wise in the case of formulas (23,). These transformations 


are said to be enduced by the transformations 7. If 7’ carries 
f into f' and 7" carries f’ into f”, then 


of -B=*(y ae (Es &) 


Liman, aC (uw 2 YF Ou Ao ET *E: (241) 


(7 =0, 1, ---, mi). 


This is a set of linear transformations connecting the a’ 
directly with a), +++, dm. The transformations are induced 
by applying 7, 7" in succession to f. Now the induced trans- 
formations (23,) form a group; for the transformations in- 
duced by applying 7 and 7’ in succession is identical with 
the transformation induced by the product 77’. This is 
capable of formal proof. For by (23) the result of trans- 
forming f by TT" is 


iB 


Fi ees earns ay 
lm 


where 


0 
A= Canto) SOE rime) * OMT SOE FED 
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But 
7) 
Own + #129) aC, E, rar E) 
ne 0 A AE + oy EQ) 
4 O(AE, + My €a) 0&, 
+- No 0 d(”A4E; 25 bE) 
peed, as a 0g, 
136, ae, 3E, 5 
Hence 
a “ a) t(73e) 


and by the method of (IV) combined with this value of A 


af (age) Sa Man) Ow DEE 


But this is identical with (24,). Hence the induced trans- 
formations form a group, as stated. This group will be 
called the induced group. 


DEFINITION. A quantic or form, as for instance a binary 
cubic f, is a function of two distinct sets of variables, e.g. 
the variables z,, z,, and the coefficients a, ---, a3. It is thus 
quaternary in the coefficients and binary in the variables 
2, %- We call it a quaternary-binary function. In gen- 
eral, if a function F# is homogeneous and of degree 7 in one 
set of variables and of order win a second set, and if the first 
set contains m variables and the second set n, then F’ is said 
to be an m-ary-n-ary function of degree-order (i, @). If the 
first set of variables is a), +++, Gm, and the second 24, +++, Xp; 
we frequently employ the notation 


F= (A, sony Am, (245 wee, AB Nd 


VII. Cogrediency. In many invariant theory problems 
two sets of variables are brought under consideration simul- 
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taneously. If these sets (2,, 2%, +++, %), (Yr Yar ***) Yn) are 
subject to the same scheme of transformations, as (23), they 
are said to be cogredient sets of variables. 

As an illustration of cogredient sets we first take the 
modular binary transformations, 


Ty By = yXy + by, Ty = yl + MgXop 
where the coefficients A, uw are integers reduced modulo p as 


in Section 1, VIII. We can prove that with reference to 
YT, the quantities 2z[, x}, are cogredient to z,, xz. For all 


binomial numbers (1), where p is a prime, are divisible by 


p except (4) and & ); Hence, raising the equations of 77, to 
the pth power, we have 

Dp = MxP + ppelP, wf =e? + whxly (mod p). 
But by Fermat’s theorem, 


W=), wP=e; (mod p) C@=I, 2). 
Therefore 
Oh = Dye + myells 2h = Agar? + ge, 


and the cogrediency of 2?, x2 with x,, x, under T, is proved. 
VIII. Theorem. The roots (Ue) re re 
Cr, r™) of a binary form — 
SF = agut + ma,xt lay + +++ + On Xe, 
are cogredient to the variables. 
To prove this we write 
.= Gr, tite rly, ) 22, i ra) oe G2, ae aa) 


and transform f by 7. There results 
fi = [GPA, — rf) + CP — {My )®2]- 
=1 


Therefore 
ae die iON, Nee eee ale aE (72 pw, ake rt” [bg )- 


22 THE THEORY OF INVARIANTS 


Solving these we have 
j Mi / 
pyr? = Ayr? + Myre, 
(8) oh gl To) 
AMY? = Agry? + Mer?” 
Thus the 7’s undergo the same transformation as the 2’s 


(save for a common multiplier (Aw)), and hence are cogredi- 
ent to 2, %, as stated. 


IX. Fundamental postulate. We may state as a funda- 
mental postulate of the invariant theory of quantics subject 
to linear transformations the following: Any covariant of a 
quantic or system of quantics, z.e. any invariant formation 
containing the variables 2, z, --- will keep its invariant 
property unaffected when the set of elements 2,, 2, «++ is 
replaced by any cogredient set. 

This postulate asserts, in effect, that the notation for the 
variables may be changed in an invariant formation pro- 
vided the elements introduced in place of the old variables 
are subject to the same transformation as the old variables. 

Since invariants may often be regarded as special cases 
of covariants, it is desirable to have a term which includes 
both types of invariant formations. We shall employ the 
word concomitant in this connection. 


BINARY CONCOMITANTS 


Since many chapters of this book treat mainly the con- 
comitants of binary forms, we now introduce several defini- 
tions which appertain in the first instance to the binary 
case. 


X. Empirical definition. Let 
SF = agrt + ma,zt 14, + 4 mm — 1)agat 208 + oes + XE, 
be a binary form of order m. Suppose f is transformed by 


T into 
Jf! = aia? + mazf la, bt see $a},ay” 
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We construct a polynomial ¢ in the variables and coeffi- 
cients of f. If this function ¢ is such that it needs at most 
to be multiplied by a power of the determinant or modulus 
of the transformation (Ap), to be made equal to the same 
function of the variables and coefficients of f’, then ¢ is a 
concomitant of f under 7. If the order of ¢ in the vari- 
ables x), % 18 zero, ¢ is an invariant. Otherwise it is a co- 
variant. An example is the discriminant of the binary 
quadratic, in Paragraph III of Section 1. 

If ¢@ is a similar invariant formation of the coefficients 
of two or more binary forms and of the variables 2,, z,, it is 
called a simultaneous concomitant. Illustrations are h in 
Paragraph IV of Section 1, and the simultaneous covariant 
Cin Paragraph V of Section 1. 

We may express the fact of the invariancy of ¢ in all 
these cases by an equation 


$ =Ar)*9, 
in which ¢’/ is understood to mean the same function of the 
coefficients aj, a}, ---, and of 2x}, 2 that @ is of ap, a,, ---, and 
2}, XZ. Or we may write more explicitly 
Daly ay ---5 hy th) =CAM)ED (yy yy 5 By %)- 2) 
We need only to replace 7 by (23) and (av) by M= 
(Ap +++) in the above to obtain an empirical definition of a 


concomitant of an n-ary form f under (238). The corre- 
sponding equation showing the concomitant relation is 


DG 5 Di, he ED 0s ig yy os a) (26) 

An equation such as (25) will be called the invariant rela- 
tion corresponding to the invariant ®. 

XI. Analytical definition.* We shall give a proof in 

Chapter II that no essential particularization of the above 


* The idea of an analytical definition of invariants is due to Cayley. Intro- 
ductory Memoir upon Quantics. Works, Vol. II. 
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definition of an invariant ¢ of a binary form f is imposed by 
assuming that ¢ is homogeneous both in the a’s and in the 
a’s. Assuming this, we define a concomitant ¢ of f as 
follows : 

(1) Let @ be a function of the coefficients and variables 
of f, and ¢’ the same function of the coefficients and varia- 
bles of f’. Assume that it is a function such that 


! / / / 
May t Mag =O Mou, tage =o (27) 

(2) Assume that ¢’ is homogeneous in the sets 2,, A, ; 
My, My, and of order & in each. 

Then ¢ is called a concomitant of f. 

We proceed to prove that this definition is equivalent to 
the empirical definition above. 

Since ¢’ is homogeneous in the way stated, we have by 
Euler’s theorem and (1) above 


ad! ach! ( . 
hen + Ag eh", — |¢' = 0, 28 
toy, Oak saan gene ka ee) 


where & is the order of ¢/ in A,, A,- Solving these, 


ad! Wa ae og! l ca 
, Dr, Mop (Au) Or, My P (AH) 
Hence : 


dd 88. Dh Bee. Dh a) aa ac 
i) ar iF as = AK) (gd, — by dr,). 
1 2 


Separating the variables and integrating we have 


dd’ one d( rm) eee OC k 
! (iw) ’ ) (AM) 9 


where ( is the constant of integration. To determine C, 
let 7 be particularized to 


Ped Sf PEE f 
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Then a= a;(¢= 0, 1, 2, ---, m), and d/=¢. Also (Av) =1. 
Hence by substitution 
o' =(Az)*4, 


and this is the same as (25). If we proceed from 


(ng) =o (H5,)8 = a8 


we arrive at the same result. Hence the two definitions are 
equivalent. 


XII. Annihilators. We shall now need to refer back to 
Paragraph IV (23,) and Section 1 (10) and observe that 


i) 0 0 
(1 <a, = (M — 1) Ay445 (u <a = 0, ( <a = — 2}. (29) 


Hence the operator (u 3) applied to ¢’, regarded as a 


function of 21, A». 4, My, has precisely the same effect as 
some other linear differential operator involving only 
a. — Un 1) ald 2), 0, Wwhien would have the effect 
(29) when applied to ¢/ regarded as a function of aj, 2}, 
vi, alone. Such an operator exists. In fact we can see by 
empirical considerations that 


0 0 


d 
Cy = Af 
Mon: eae 


ee ras 
py gee 1 
da An- i 025 
(291) 
. 
is such an operator. We can also derive this operator by an 
easy analytical procedure. For, 


(Han) = aa a eet +5 ae) 


or, by (29) 


ts) 
Fi Claws i ee <4 o a 
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In the same manner we can derive from 0 sa) ax (), 
(0 — 2 =e = 
(a2, +24, 2+. ~+ mal, a — tan )# =). (29) 


The operators (29,), (29,) are called annthilators Cyr. 
Since ¢ is the same function of a,, %, %, that ¢! is of aj, zt, 
x, we have, by dropping primes, the result : 


THEOREM. A set of necessary and sufficient conditions that 
a homogeneous function, >, of the coefficients and variables of a 
binary form f should be a concomitant is 


0 0 
(0 - x, )p=0. (0-2, 2 
2 


)s ai 
1 

In the case of invariants these conditions reduce to Od = 0, 
Q¢d=0. These operators are here written again, for refer- 


ence, and in the un-primed variables: 


d 0 rs) 
O = ma,— m—1)a, —+ ++ + Ay : 
Vara ) ae 2 OAn—1 


) 0 d 

QO= Aree a, ea ag ee 
A simple illustration is obtainable in connection with the 
invariant 

D, = aa, — a2 (§ 1,, TD). 
Here m = 2: 
0 
D = ay +2 a5 C= 2a sot as 
OD, = — 2a a, 4+ 2 ae =0, OD, =2a,a, —2a,a,=09. 


It will be noted that this method furnishes a convenient 
means of checking the work of computing any invariant. 
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SECTION 8. SPECIAL INVARIANT FORMATIONS 


We now prove the invariancy of certain types of functions 
of frequent occurrence in the algebraic theory of quantics. 


I. Jacobians. Let f,,f,, ---,f,, be m homogeneous forms in n 
variables 21, Yq, +++, %,. The determinant, 


Was age 9 eed nee 
2 n 
5 Foxy Foays oan Tix. 


, (30) 


eee spre ee te 
. af . 
in which ee, = ee etc., is the functional determinant, or 
is vy 
Jacobian of the n forms. We prove that J is invariant when 
the forms f; are transformed by (23), z.e. by 
a= ay t meter toe, @=1,2,---,n). (31) 


To do this we construct the Jacobian J’ of the transformed 
quantic fy. We have from (81), 


af) Off am | fam |, afl Baty 


Ot, OL dt, Gr,07, Ox, Ox}, 


But by virtue of the transformations (31) we have in all 
cases, identically, 


Si=Ff; G=1, 2, ++, 0). (32) 
Hence Vf 
of of; oy on; 
ate le ETS ee tie gk | (33) 
ox, ; Ox, 72 OX, oe 07, 


and we obtain similar formulas for the derivatives of fj with 
respect to the other variables. Therefore 


ae ae AS iz, BR? at he ? oe ae M2 iat ae LnS iz,» | 
J! = . / 
re ne oy a Ce oe ee | 
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But this form of J’ corresponds exactly with the formula 
for the product of two nth order determinants, one of which 
is J and the other the modulus M@. Hence 


9 cn Apso), 
and J is a concomitant. It will be observed that the co- 


variant ( in Paragraph V of Section 1 is the Jacobian of f 
and ¢. 


II. Hessians. If fis an n-ary form, the determinant 


ieee Leer ie as 
: {= Joa Le . Cees (34) 


f ie rey fh 
LpT9 J InZq) IS L,I 


is called the Hessian of f. That H possesses the invariant 
property we may prove as follows: Multiply H by M= 
(Apv +» o), and make use of (33). This gives 


dof 8 of 8 


! 9 / ’ 
dz, Or, dx, Oz, 


eee 


Re ye ss er 
MH=\'2"3 “9 H = |a0) dx,” 3c}, dx,’ ” Oz, 32, 


oe 8 af 9 of 
dz, Op Ox), dx, ° Oa! Ox, 


Replacing f by f’ as in (82) and writing 


/ 
cof ot 
dc! On, ox, da, 


we have, after multiplying again by M, 


ee UF aa oP, I a: nth 
MH = F opts Nee ‘sSx a 


. . . 
ON i an: 
Fb a , x2, 
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that is to say, 
H'= (AMV: gs 7 8 
and H is a concomitant of f. 

It is customary, and avoids extraneous numerical factors, to 
define the Hessian as the above determinant divided by jn” 
x(n—1)". Thus the Hessian covariant of the binary cubic 
form 

f= ar? + 8.4,7,%7, + 3 4,42," + agr,*, 
is * CEE ine ase ras ee et > 235) 
Ay, + Ag®y, AgX + AgX, 


= 2M — AF) TT A 2(dy4g — Aq yy + 2(ay43 — a3) 25. 


III. Binary resultants. Let jf, ¢ be two binary forms of 
respective orders, m, 7; 


FS = agu™ + ma, zt ty + 2 + yey = Tray = ha.) 
b = byxt + nb yay ley + +++ + Oyo" = (sfx, — 8) a). 
ia 


It will be well known to students of the higher algebra 
that the following symmetric function of the roots: Cr), 72), 
(8), 8), RCF, @) is called the resultant of f and ¢. Its 
vanishing is a necessary and sufficient condition in order 
that f and ¢ should have a common root. 


RC fp) = WLC ay? — rs{?). (36) 
j=l1 


To prove that R is a simultaneous invariant of f and ¢ it 
will be sufficient to recall that the roots (7, 72). (8; 8) are 
cogredient to z,, %. Hence when f, ¢ are each transformed 
by 7, & undergoes the transformation 


Ayes = M OA wy, Apyr@ =AgrO + por, 
Apys(? = ail) + 18h, us? = we be py, 


* Throughout this book the notation for particular algebraical concomitants is 
that of Clebsch. 
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in which, owing to homogeneity the factors (Au) on the left 
may be disregarded. But under these substitutions, 


Me) —_ pO) — A( pl gD _ pl ghd) 
ry sy) — 13°87) = AB) IY 83 798"). 


RF, 6) =H)" RCSF, $b), 
which proves the invariancy of the resultant. 

The most familiar and elegant method of expressing the 
resultant of two forms f, ¢ in terms of the coefficients of the 
forms is by Sylvester’s dialytic method of elimination. We 
multiply f by the n quantities 2771, a?-2z,, .--, 22-1 in succes- 
sion, and obtain | 


Hence 


eden: mtn—2, oe ; N2—Jpm ~ 
Ayr} + Mayr; Lo +- + dpa? lam, | 
a PF —2M+ 
Ayxy' : 2%» + «-- ~ MA mL} De _ An X4 2x8 1, (37) 
ayty xs 1 + eee + MGg (tity oo" + date es 


Likewise if we multiply ¢ by the succession z7'"1, 27-229, +++, 
ay 1, we have the array 


| bya th] + nbattn ty, 4 ose + Ua tas 
byrite 1+ «+ +b, 2 ap" 2 4+ bane. (38) 


The eliminant of these two arrays is the resultant of f and ¢, 
viz. | 


{Ay MA, rrr sree reeeee "Mat 0 GS a 
e 0 Ay My s+** MAm_y Am eee | 
tt age 
0 0 Ann 
Rfo)=| | 
by nb, bleh 
F/O by nb, 
bee 0) ar ee ee en 


A particular case of a resultant is shown in the next para- 
graph. The degree of RC f,¢) in the coefticients of the two 
forms is evidently m + n. 
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IV. Discriminant of a binary form. The discriminant D 
of a binary form f is that function of its coefficients which 
when equated to zero furnishes a necessary and sufficient 
condition in order that f= 0 may have a double root. Let 


SHS (Ly %q) = UT + mayep My +--+ + Any 


and let f,,(%, wag, fp a=. Then, as is well 
1 2 


known, a common root of f= 0, a =() is a double root of 
Ly 


f =90 and conversely. Also 
a Oe 
2 (me —wZ on) = 
e ; der, da,” 


hence a double root of f=0 is a common root of f=), 


cs 0, is 0, and conversely; or D is equal either to the 
Oxy 02%, 


eliminant of f and a or to that of f and oe Let the roots 
Ox, Ox, 

of f,,(%y %)=9 be (s{?, 83°)@ =1, --, m—1), those of 

Fiz(@ ey Os Ce CE ah and those of f=90 

be 7? PG = 1s 2.4.7). Then 


A,D Cen. 8) f(s, s?)) oe Cas - Mes. my 
bi Be 2 Ci. ED) FP, t?)) ae eis: 1) rs ys 


Now Of(a,, %)= 21 af Of (4 %) = 2, 2 , where O and 
Lo Ly 
Q are the annihilators of Section 2, XII. Hence 


OD= zt, Cia: ID) FC, (2) .- res eee i Se 
OD = Ts (8s 8) f (8, 8) -- f(a" D, gm) )= 0, 


Thus the discriminant satisfies the two differential equations 
OD =0, OD = 0 and is aninvariant. Its degree is 2(m— 1). 

An example of a discriminant is the following for the 
ie 


se 
binary cubic f, taken as the resultant of be ba, 
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Ay 2 ay As 0 
0 a Qa a 
—} R a 0 1 2 (39) 
ay 2 Ay As (0) 
i) ay Pd dy as 


= (Aptz — Ay4q)? — 4(agdq — af) (4,43 — 43). 

V. Universal covariants. Corresponding to a given group 
of linear transformations there is a class of invariant forma- 
tions which involve the variables only. These are called 
universal covariants of the group. If the group is the 
infinite group generated by the transformations 7’ in the 
binary case, 4 universal covariant is 


d = (ry) =2yYo — Loy, 

where (y) is cogredient to (x). This follows from 
de. Aye + MyLay Ag + Me 
MY + MY o> Aoi + Mele 
If the group is the finite group modulo p, given by the trans- 
formations 7, then since 2?, 22 are cogredient to x, 2%, we 

have immediately, from the above result for d, the fact that 
LL = U2, — 240% (41) 

is a universal covariant of this modular group.* 

Another group of linear transformations, which is of con- 
sequence in geometry, is given by the well-known trans- 
formations of codrdinate axes from a pair inclined at an 
angle » to a pair inclined at an angle ow’ = 8 — «, viz. 


= sin (@ — @) Pa 4 sin (@—8) a, 


=Az)(a’y'). — (40) 


“4 : : 
sin @ sin @ 
sin in | 
, carted v = B a (42) 
sin @ sin @ 
Under this group the quadratic, 
x2 + 22,2, COS w + 23, (43) 


is a universal covariant. ft 


* Dickson, Transactions Amer. Math. Society, vol. 12 (1911). 
+ Study, Leipz. Ber. vol. 40 (1897). 


CHAPTER II 
PROPERTIES OF INVARIANTS 


SECTION 1. HOMOGENEITY OF A BINARY CONCOMITANT 
I. Homogeneity. A binary form of order m 
SF = Ath + maya 12, +--+ + Ante, 
is an (m+1)-ary-binary function of degree-order (1, m). 
A concomitant of f is an (m+1)-ary-binary function of de- 


gree-order (2, »). Thus the Hessian of the binary cubic 
(Chap. a. S$ 5,41), 

A = 2(aydg — 0?) 2? + 2( ads — 044g) 1%_ + 2( aya, — a2) 22, (44) 
is a quaternary-binary function of degree-order (2, 2). 
Likewise f+ A is quaternary-binary of degree-order (2, 2), 
but non-homogeneous. 

Aninvariant function of degree-order (7, 0) is an wnvariant 
of f. Ifthe degree-order is (0, w), the function is a universal 
covariant (Chap. I, § 3, V). Thus a,a, — a} of degree-order 
(2, 0) is an invariant of the binary quadratic under 7, 
whereas zx, — 2,24 of degree-order (0, p +1) is a universal 
modular covariant of 77. 


THEOREM. If C= (dy, Qy5+**) Im)'(2y, Vq)” 18 a concomitant 
OF Ff = (Oey <4) On (E> Fy) 108 theory as an invariant function 
loses no generality if we assume that it is homogeneous both as 
regards the variables x1, % and the variables Ags +5 Am 

Assume for instance that it is non-homogeneous as to 2, 2%. 
Then it must equal a sum of functions which are separately 
homogeneous in 2, #3. Suppose 

C= 0,4 Q4+--4+ G, 
33 
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where C;,=(@p, a, «++, Gy)t! (2, oj =1, 2, +, 8) a! <i. 
Suppose now that we wish to verify the covariancy of C, 
directly. We will have 


Oa an es On) Oa ee SO, (45) 


in which relation we have an identity if aj is expressed as the 
appropriate linear expression in dp, +++, @, and the a as the 
linear expression in z,, 2%, of Chapter I, Section 1 (10). But 
we can have 


EO! = (au)t2C, 
j=l j=l 


identically in 2, 2, only provided 
C=O), G=1, +8). 


Hence C; is itself a concomitant, and since it is homogeneous 
as tO 2}, Z,, no generality will be lost by assuming all invariant 
functions C homogeneous in 2,, 2%». 

Next assume C’ to be homogeneous in z,, z, but not in the 
variables a, dy, °**5 Im Then 


C=7T,4+T,+--4+T7,, 
where I’, is homogeneous both in the a’sand in thez’s. Then 
the above process of verification leads to the fact that 
Ds =Qp4)'T;, 


and hence C’ may be assumed homogeneous both as to the a’s 
and the zs; which was to be proved. The proof applies 
equally well to the cases of invariants, covariants, and uni- 
versal covariants. 


SECTION 2. INDEX, ORDER, DEGREE, WEIGHT 


In a covariant relation such as (45) above, k, the power of 
the modulus in the relation, shall be called the index of the 
concomitant. The numbers ¢, w are respectively the degree 
and the order of C. 
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I. Definition. Let 7 =afafaj---a,atae-" be any monomial 
expression in the coefficients and variables of a binary m-ic f. 
The degree of t is of course t=p+g+r+--+v. The 
number 


w=qt2r4+384+---+mv+yu (46) 


is called the weight of r. It equals the sum of all of the sub- 
scripts of the letters forming factors of t excluding the factors 
%. Thus ag is of weight 3; a,a?a, of weight 6; a?a,7223 of 
weight 9. Any polynomial whose terms are of the type 7 
and all of the same weight is said to be an tsobarie polynomial. 
We can, by a method now to be described, prove a series of 
facts concerning the numbers @, 2, k, w. 
Consider the form f and a corresponding concomitant 
relation 
CAG Cie hh ae 
= (Af) (Uy, Gis #5 On) (0s fa) 4D 
This relation holds true when f is transformed by any linear 
transformation 
ers Ayr + Bye) 
ee Nee oi ind 
It will, therefore, certainly hold true when f/f is transformed 


by any particular case of Z. It is by means of such particu- 
lar transformations that a number of facts will now be proved. 


II. Theorem. The index k, order w, and degree i of C 


satisfy the relation 
k=4(im —@). (48) 


And this relation is true of invariants, i.e. (48) holds true when 
a0. 
To prove this we transform 


J = ayy + ma,v” 12, fesse + AnXS's 
by the following special case of 7: 


/ eeu / 
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The modulus is now A4, and a} = "a; (J = 0, +++, m). Hence 
from (47), 


(APG A Ana) A A Se) 

= N7* (Aig, yy °*%y Um)*(2qy Tq)” (49) 
But the concomitant C’ is homogeneous. Hence, since the 
degree-order is (7, @), 


rim-( ay, ae Om)' (a, OD ae NC), vee, An)*(X1 La)”. 


Hence 
2k=imn—~a. 


III. Theorem. very concomitant C of f is isobaric and 
the weight is given by 
w=k(im+o), (50) 


where (t, w) ts the degree-order of C, and m the order of f. 
The relation ts true for invariants, i.e. if o = 0. 
In proof we transform f by the special transformation 


je as eg a Ae | (51) 
Then the modulus is A, and aj = Na; (7 = 0, 2, +++, m). 
Let 


— gata” se. here 
T= AAjdy +++ WX 


be any term of C and 7’ the corresponding term of C’, the 
transformed of C by (51). Then by (47), | 
7! = VAT t+ tu eghatas «+. ahge-™ = der, 
Thus 
or 
w=k(im+o). 


CoroLLARy 1. The weight of an invariant equals its 


index, 
.. == ke = 


CoroLLARY 2. The degree-order (7, w) of a concomitant 
C cannot consist of an even number and an odd: number 
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except when m is even. Then 7 may be odd and @ even. 
But if m is even @ cannot be odd. 

These corollaries follow directly from (48), (50). 

As an illustration, if Cis the Hessian of a cubic, (44), we 
have 


t= 2,0=2, m=83, 
w=4(2.842)=4, 
k=1(2.3—2)=2 


These facts are otherwise evident (cf. (44), and Chap. 
Lace tl). 


COROLLARY 38. The index & of any concomitant of f is a 
positive integer. 


For we have 
W—-o= k, 


and evidently the integer w is positive and o _ w. 


SECTION 38. SIMULTANEOUS CONCOMITANTS 


We have verified the invariancy of two simultaneous 
concomitants. These are the bilinear invariants of two 
quadratics (Chap. I, $1, IV), 

Y= Att + 2 ax + Ay%5, 
h = bor? + 2 b,x,2, + 6,22, 
Viz. h=a,b, — 2 ab, + agbo, 
and the Jacobian C’ of Ww and ¢ (cf. (8)). For another 
illustration we may introduce the Jacobian of ¢@ and the 
Hessian, A, of a binary cubic f. This is (cf. (44)) 
Ts, 0 = [Oy (Mottg — 244g) — 2 by (Agta — af) ]24 
+ 2[6)(aya4g — 43) — b( aga, — at) ]x1% 
+ [2 6, (ayag — 43) — b,(ayas — 444) ] 25, 
and it may be verified as a concomitant of @ and 


bE Pee ie 
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The degree-order of J is (3, 2). This might be written 
(1+ 2, 2), where by the sum 1 + 2 we indicate that J is of 
partial degree 1 in the coefficients of the first form ¢ and of 
partial degree 2 in the coefficients of the second form f. 


I. Theorem. Let f, $, W, ++ be a set of binary forms of 
respective orders m1, My, Mz, +++. Let C be a simultaneous 
‘concomitant of these forms of degree-order 


(2, + % + tg + +++, @). 
Then the index and the weight of C are connected with the 
numbers m, i, w by the relations : 
k = 3(21m, — ©), (52) 
w= 4( 21m, + ow), 
and these relations hold true for invariants (i.e. when-w = 0). 
The method of proof is similar to that employed in the 


proofs of the theorems in Section 2. We shall prove in 
detail the second formula only. Let 


C= Ayr? oe eee, db = by xy? a see, a = Cory'* os seey tee, 
Then a term of C will be of the form 


—_— W715 1 cee TofS [Lar — iS 
T= apatas: «+. 6% abrabss ++ Dae 


Let the forms be transformed by x, = 2}, 7% = Ax. Then a; 
= Wa; 5; = Nb, + (7 =0, ++, m,), and if rt’ is the term cor- 
responding to 7 in the transformed of ( by this particular 
transformation, we have 
lm Nt 28 te $ret 2 Set oo tw 7 = Aq, 
Hence 
wi—- w= k= }(21,m, — ), 

which proves the theorem. 

We have for the three simultaneous concomitants men- 


tioned above; from formulas (52) 
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SECTION 4. SYMMETRY. FUNDAMENTAL EXISTENCE 
THEOREM 


We have shown that the binary cubic form has an invyari- 
ant, its discriminant, of degree 4, and weight 6. This is 


(cf. (89)) 


5 R= — (apag — a,a,)* + 4(aya, — 02) (aa, — az). 


I. Symmetry. We may note concerning it that it is 
unaltered by the substitution (aja,)(a,a,). This fact is a 
case of a general property of concomitants of a binary form 
of order m. Let f= a ,rvji'+---; and let C be a concomitant, 
the invariant relation being 


ON (AQ siess Oe) Cle Py) ON ara) 
Let the transformation 7 of f be particularized to 
n= aly % = 21. 
The modulus is —1. Then aj=a,_,;, and 
OF COs Ue Og) a 1 Un) Ce) Ce) 


That is ; any concomitant of even index is unchanged when 
the interchanges (a)@n)(4,4m_ 1) +++ (4%) are made, and if 
the index be odd, the concomitant changes only in sign. 
On account of this property a concomitant of odd index is 
called a skew concomitant. There exist no skew invariants 
for forms of the first four orders 1, 2, 3, 4. Indeed the 
simplest skew invariant of the quintic is quite complicated, 
it being of degree 18 and weight 45* (Hermite). The sim- 
plest skew covariant of a lower form is the covariant 7’ of a 
quartic of (125) (Chap. IV, § 1). 

We shall now close this chapter by proving a theorem 
that shows that the number of concomitants of a form is 
infinite. We state this fundamental existence theorem of 
the subject as follows : 


* Faa di Bruno, Walter. Theorie der Binairen Formen, p. 320. 
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II. Theorem. very concomitant K of a covariant C of a 
binary form f 1s a concomitant of f. 


That this theorem establishes the existence of an infinite 
number of concomitants of fis clear. In fact if fis a binary 
quartic, its Hessian covariant H (Chap. I, $3) is also a 
quartic. The Hessian of H is again a quartic, and is a con- 
comitant of f by the present theorem. Thus, simply by 
taking successive Hessians we can obtain an infinite number 
of covariants of f, all of the fourth order. Similar consider- 
ations hold true for other forms. 

In proof of the theorem we have 


7 pry + ees, 
C= (Ay +++) Am)*'(Ly, Tq) = Cytf + wey My + +++ 
where ¢; is of degree 2 in dy, +++, Am: 

Now let f be transformed by 7. ‘Then we can show that 
this operation induces a linear transformation of C, and 
precisely JZ. In other words when f is transformed, then 
Cis transformed by the same transformation. For when f 
is transformed into f’, C’ goes into 

CY = (Aw) * (cory + wert Mt, + +++). 
But when ( is transformed directly by 7, it goes into a form 
which equals C itself by virtue of the equations of trans- 
formation. Hence the form C, induced by transforming /f, 
is identical with that obtained by transforming @ by 7 
directly, save for the factor (Av)*. Thus by transformation 
of either f or C, 
cjxle + oc celal + = (Ap) bege? +o(AM)* Cap tag t+e (54) 
is an equality holding true by virtue of the equations of 
transformation. Now an invariant relation for A is formed 
by forming an invariant function from the coefficients and 
variables of the left-hand side of (54) and placing it equal 
to (Aw)* times the same function of the coefficients and 
the variables of the right-hand side, | 
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KT = (6, -*, 6) (> Za) 
= AK)*CAM) Cy v5 Att) Cu) (Cay Xq)* 
But &’ is homogeneous and of degree-order (u,€). Hence 


ae =a Ci. ge) CC. i (Ap) Ses eotes OL L_)* (55) 
pee CNL) ie 


Now ¢; is the same function of the a}, «+, a), that ¢; is of ay 
*++) Q,- When the e’’s and e’s in (55) are replaced by 
their values in terms of the a’s, we have 


ki = Lae eee, ae aCe Ly OLD laa. oon Bie bad Coke 2 (56) 
as Op) "eK, 


where, of course, [do, +++, dm]"(21, %)* considered as a func- 
tion, as diferent Irom (a, «+; d,) (a, 2) Dub Cou) 4s 
a covariant relation for a covariant of f. This proves the 
theorem. 

The proof holds true mutatis mutandis for concomitants of 
an n-ary form and for simultaneous concomitants. 


The index of K is 


p=t-4(im—o)+ 4(@ — €) 
= 4(um —e), 
and its weight, 


w= 4(um +e). 
Tilustration. If fis a binary cubic, 
f= Avi + 3 ari, + 3 dX XZ + AyX3, 
then its Hessian, 
A = 2[ (ag ay — af) aj + (apg — y%q) 2% + (443 — 43) #3], 


is a covariant of f. The Hessian 2 R of A is the discrimi- 
nant of A, and it is also twice the discriminant of f, 


2 R=A4[— (agag — a4)? + 4(a%q — a7) (4443 — 13) ]. 


CHAPTER ITI 


THE PROCESSES OF INVARIANT THEORY 


SECTION 1. INVARIANT OPERATORS 


WE have proved in Chapter II that the system of invari- 
ants and covariants of a form or set of forms is infinite. 
But up to the present we have demonstrated no methods 
whereby the members of such a system may be found. The 
only methods of this nature which we have established are 
those given in Section 3 of Chapter I on special invariant 
formations, and these are of very limited application. We 
shall treat in this chapter the standard known processes for 
finding the most important concomitants of a system of 
quantics. 


I. Polars. In Section 2 of Chapter I some use was made 
: 0 0 0 
OT tue Operations A. + A. ee 
e Lt ayes ey aoe ay 
tors may be extensively employed in the construction of in- 
variant formations. They are called polar operators. 


Such opera- 


THEOREM. Let f=agri'+ + be an n-ary quantic in the 
variables x1, +++, L,, and h a concomitant of f, the corresponding 
invariant relation being 


¢! = (a), sos (2, vee, LH a 


= (Ap eee o)*( Ap +o (24, see, 2a ag — M*¢. (57) 
Then tf Ys Yos ***s Yn are cogredient to 24, Ys +++) Ln the function 
Age yt a 
(y =)? a @ da, $292 Xp, pee a 02%, ? 


is a concomitant of f. 
42 
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It will be sufficient to prove that 


=) se ‘| -) : 
y dx! eh ae Ps ia 


the theorem will then follow directly by the definition of a 
covariant. On account of cogrediency we have 


Le = DAW + MQ +t + + o,2', (59) 
Yi= MY + Mig +o toy, =1, +, 2). 
Hence 
oO Ce oe 
Ot 004 db ae 10 ry Oa OZ, Ox; 
0 0 0 
ee ee eee 
de! re ae te - 
0 0 a) 
a) eae ee eet es 
d ; Ox, d 2 0 n 
0 0 0 
Ogo—— tere + on — 
6x! "Oa, ae * aa, Oz, 
Therefore 
peda coe qe = y' + My es Ee 
"aa on ie ee ee 


a 
ee AR or eo 


n 


Hence (58) follows immediately when we operate upon (57) 


0 0 
D (Fay at oe 


The function (v= Jo is called the first polar covariant of 
ay 

g, or simply the first polar of ¢. It is convenient, however, 

and avoids adventitious numerical factors, to define as the 


polar of ¢@ the expression (vz) times a numerical factor. 
. 
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We give this more explicit definition in connection with 
polars of f itself without loss of generality. Let f be of 
order m. Then 


a : at Ley ate Syn (61) 


|m m 


the right-hand side being merely an abbreviation of the left- 
hand side, is called the rth y-polar of f. It is an absolute 
covariant of f by (60). 

For illustration, the first polars of 


SF =a x} + 3 a,xia, + 3 a,x 22 + a523, 
Y = Ago Xi + 2 Ay 39% %q + Aggg®Z A 2 M912 1% + 2 AyyyFylq + Aggy, 
are, respectively, ; 
Fy = (Att + 2.04212 q + AyrZ)Yy + (My2} + 2 AgryXa + Ag13) Yo, 
GIy = (qq % + 419% + F491%3)Y1 + CAq19%1 + Mgo%e + AM 1173) Yo 
+ (449121 + 911% + Aq9Vs Ys: 
Also, 
Sp = (Myf + 2 AY Yq + AqYZ)Ly + CAyY{H+ 2 AY Yo + A3y3) Xp. 
If g=0 is the conic C of the adjoining figure, and (y) = 
(Yp» Yo Y3) 18 the point P, then g, = 0 is the chord of contact 
AB, and is called the polar line of P 
and the conic. If P is within the conic, 
So AP gi) =0 joins the imaginary points of 
. contact of the tangents to C from P. 
We now restrict the discussion in the 
remainder of this chapter to pene 
=< forms. 
| B We note that if the variables (y) be 
replaced by the variables (x) in any polar 
of a form f the result is f itself, t.e. the original polarized 
form. This follows by Euler’s theorem on homogeneous 
functions, since 


0 0 
poll ges yee —|f= 62 
(y aie (a5 1 9x Ly bos "4 OX, Ws e 


A 
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In connection with the theorem on the transformed form 
of Chapter I, Section 2, we may observe that the coefficients 
of the transformed form are given by the polar formulas 


ay = FO Ay) = Sh: (63) 


a = Sous ty = Foun ty @ = foun: 


The rth y-polar of f is a doubly binary form in the sets 
(Yp Ye), (Wp LZ) Of degree-order (7, m—7). We may how- 
ever polarize f a number of tumes as to (y) and then a number 
of times as to another cogredient set (2) ; 


lm —r|m—r—s/ @\/ A\s 
r = ame ree . 64 
fel. lm |m—r (y5,) («5,) 4 So 
This result is a function of three cogredient sets (7), (y), (2). 
Since the polar operator is a linear differential operator, it 


is evident that the polar of a sum of a number of forms 
equals the sum of the polars of these forms, 


(f+ i a =fyt Py + oe 
II. The polar of a product. We now develop a very im- 
portant formula giving the polar of the product of two 
binary forms in terms of polars of the two forms. 
If F(a,, x) isany binary form in 2, x, of order M and (y) 
is cogredient to (x), we have by Taylor’s theorem, # being 
any parameter, 


F(a, + ky, %q + kYg) 
= oO 2 2\5 - ke( \- S 
ee ae Ey 2) i (y ox 27 - Ox a 


7 


=F +(4) nes (Y\ rat i +( ) Fak + Ge) 


1 af 


Let F=f (a1, %) (2, %), the product of two binary forms 
of respective orders m,n. Then the rth polar of this prod- 
uct will be the coefficient of k* in the expansion of 


SF (ay + heyyy Ly + heyy) X by + Yq, Vo + hY2)s 
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divided by & - 2 by (65). But this expansion equals 


y+ (f)se+(G)oes +(e To (G)oa 


= 


+(5) byl? + ve +(7) yh? + eal 


Hence by direct multiplication, 


H]petnl (6) Me *(B 2s rare 
+(e} 


or i | = Tews) = 4 bee (66) 


’ 


This is the required formula. 

The sum of the coefficients in the polar of a product is 
unity. This follows from the fact (cf. (62)) that if (y) 
goes into (x) in the polar of a product it becomes the origi- 
nal polarized form. 

An illustration of formula (66) is the following : 


Let f= art + ++, b= box? + +. Then 


£8] = a (3)(aptet +(2) (i) abs +(2) (3) be 
= thyh + 3h aby + thy by 


III.. Aronhold’s polars. The coefficients of the transformed 
binary form are given by 


@ = FN Ag T= 0, 0). 
These are the linear transformations of the induced group 


(Chap. I, § 2). Let ¢ be a second binary form of the same 


order as f, 
b = bat + mba 4 + ++. 


THE PROCESSES OF INVARIANT THEORY 47 
Let ¢ be transformed by Z’into ¢’. Then 
OL = hur(Ayy Ag): 


Hence the set 6), 0,, +++, 6, is cogredient to the set ao, a4, +++ ms 


under the induced group. It follows immediately by the 
theory of Paragraph I that 


0 0 
6! —f! SO; & ! ——_—_—_—— 
( ae a i a oe al 
0 
=b ——_ eee — = 
a +bn ==( =): (67) 


Phat ic (3 = 


- is an invariant operation. It is called the 


Aronhold operator but was first discovered by Boole in 1841. 
Operated upon any concomitant of f it gives a simultaneous 
concomitant of fand ¢. If m= 2, let 


a neg 
I= Ayd, — a2. 


Then 


0 ) 
(2 )T=(%) = eile ee ita aby — 24,5, + tyby 


This is h (Chap. # St )e Also 
Oe | 9 
2(0 =) T=4 (bob, — 83), 


the discriminant of ¢. In general, if w is any concomitant 
Gl, 
wy! cee (a5 eed An CES oe = (Ap )* (a, ES) On) (ty t) 


then ao ne ( =) HS | en eae cae 
(i ay Oe a (68) 


are concomitants of fand¢@. Whenr = 2, the concomitant is 


X= (Oo; +015 Om) (Ly Ly) 
The other concomitants of the series, which we call a series 
of Aronhold’s polars of y, are said to be intermediate to y 
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and x, and of the same type as y. The theory of types will 
be referred to in the sequel. 

All concomitants of a series of Aronhold’s polars have the 
same index k. 

Thus the following series has the index * = 2, as may be 
verified by applying (52) of Section 3, Chapter II to each 
form (f= a8 + +3 =) x34 +): 

= (aya — af) 25 + (Ap g — 244g) 2 1%q + (Ads — 03) 25, 

(2 -) = (ay — 2.04, +Agby 25+ (Ay bg + 4gb9— ayb,— gb, ayy 

+ (ayb3 — 2 dgby + 436,23, 
1/, 0\? 
5(% =) H= (boby — Bf) at + (Oobg — bybq)ayx_ + (0153 — 63)23. 


IV. Modular polars. Under the group 7, we have shown, 
a, a are cogredient to x, %,. Hence the polar operation 


6, = apo + #3 — (69) 


applied to any algebraic form f, or covariant of f, gives a 
formal modular concomitant of f. Thus if 
SF = ag2? + 2 a,2,%, + 4,73, 
then, 
4 Of = agrt + a, (afar, + 7423) + agrh 


This is a covariant of f modulo 3, as has been verified in Chap- 
ter I, Section 1. Under the induced modular group a?, a, --., 
a?, will be cogredient to ap, a, +++, Gm. Hence we have the 
modular Aronhold operator 


) ) 
ee Ncdaage Baie Be 
as = da, uh Ses Jam 
If m = 2, and 
D = aja, — A, 
then d,D = aa, — 2 att! + aya® (mod. p). 


This is a formal modular invariant modulo p. It is not an 
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algebraic invariant; that is, not invariantive under the group 
generated by the transformations 7. 
We may note in addition that the line 


[= apt, + 4,%y + A525 
has among its covariants modulo 2, the line and the conic 
dal = a2x, + atx, + a325, 
ol = ayx? + a,22 + a,22. 
V. Operators derived from the fundamental postulate. The 
fundamental postulate on cogrediency (Chap. I, § 2) enables 
us to replace the variables in a concomitant by any set of ele- 


ments cogredient to the variables, without disturbing the 
property of invariance. 


THEOREM. Under the binary transformations T the differ- 


ential operators nas ae are cogredient to the variables. 
02, 02x, 


From 7 we have 


) 0 a) 
Bide hy Rega 
dx, ta, - * 02, 
0 0 ) 
Ox), Op ee OZ, 
) 0 0 
Hence Aw)y— = AY + (=) 
Or) dat, 19a), ge eae x 


0 0 *) 
— (Xr he — —  }- 
Oy) Ox, gt Mol Ox} 


This proves the theorem. 
It follows that if @ = (dp, +*+5 @m)*(@y, %)° 18 any invariant 
function, 7.e. a concomitant of a binary form/f, then 


Ib = (Ay «+5 tn) a ~) (70) 


Of 80; 


is an invariant operator (Boole). If this operator is operated 
upon any covariant of f, it gives a concomitant of f, and 
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if operated upon a covariant of any set of forms g, A, ---, it 
gives a simultaneous concomitant of f and the set. This 
process is a remarkably prolific one and enables us to construct 
a great variety of invariants and covariants of a form ora 
set of forms. We shall illustrate it by means of several 
examples. 

Let f be the binary quartic and let ¢@ be the form f itself. 
Then 


o+ ot ot o4 ot 
Of a Ag ee Gg ee ee oe 
2 ae oar and ono oe 


and 

oy Of - f= 2(aa, — 4a,a, + 8 da) == 2 
This second degree invariant z represents the condition that 
the four roots of the quartic form a self-apolar range. If 
this process is applied in the case of a form of odd order, the 
result vanishes identically. 


If H is the as of the quartic, then 


o4 
OH = (aya, — a?) = — 2( aa, — a aatoe, aadon, 
ot 
a) a 
+ (aya, + 2 aya; — 8 a3) F E inv? — 2( dA, — Ag) 5,028 


FY 
+ (at, — *3) nA 
And 
qs Of - f = 6(apaga, + 2 a,a,a, — Aza, — a,a% — a8) =. (701) 
This third-degree invariant equated to zero gives the con- 


dition that the roots of the quartic form a harmonic range. 
If His the Hessian of the binary cubic f and 


j= bx? + ees, 
then 
¢ OH - g =[bo(ay43 — a3) + 6, ( aya, — Aydg) + b,( Ay — a) |x, 
+ [b,(aya3 — 43) + b4(ayaq — 4943) + bg ( Aydq — AZ) ]Xq ; 


a linear covariant of the two cubics. 
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BILINEAR INVARIANTS 


ae A an ‘is a binary form of order m and 
- 6 vi + --- another of the same order, then 


— a m eee — r ih 
5 of . g = Om (4 arn a> a € 1) ¢ )b m+ 
+ (—1)"anbo- (71) 


This, the bilinear invariant of f and g, is the simplest joint 
invariant of the two forms. If it is equated to zero, it gives 
the condition that the two forms be apolar. If m= 2, the 
apolarity condition is the same as the condition that the two 
quadratics be harmonic conjugates (Chap. I, § 1, IV). 


VI. The fundamental operation called transvection. The 
most fundamental process of binary invariant theory is a 
differential operation called transvection. In fact it will 
subsequently appear that all invariants and covariants of a 
form or a set of forms can be derived by this process. We 
proceed to explain the nature of the process. We first prove 
that the following operator © is an invariant: 


dae 
oO Or, OX, (72) 
Cae 
OY; 92 
hee (y) is aoe to (x). In fact by (70), 
0 0 
+A >» Kb ee MK en 
Nis aen aoe Fe 2 
ae = = 024 025 = (ru) Q, 
‘ay, Ya OY "OY 


which proves the statement. 

Evidently, to produce any result, © must be applied to 
a doubly binary function. One such type of function is a 
y-polar of a binary form. But 
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THEOREM. The result of operating Q upon any y-polar of 
a binary form f ts zero. 
For, if f = av? + ++, 


p= fy =(ye 


|{m— 7 Ox 
OF +(4) a ged a e) 
=(9 Ox} 1/Mi 9 oe (the 
Hence 
ONT: ee ey ort Cain 
We ) (pool yy” 1 
1/71 Ox} Fs ae 0x, 02%5 
ee ihe (0 pele: 
— TY) ee | 9 5 
OX} 02, 0X 10X5 


and this vanishes by cancellation. 

If © is operated upon another type of doubly binary form, 
not a polar, as for instance upon fg, where f is a binary form 
in 2, %, and ga binary form in y,, y,, the result will generally 
be a doubly binary invariant formation, not zero. 


DEFINITION. If f(x) = az"? + -- is a binary form in (#) 
of order m, and g(y) = by? + ++» a binary form in (y) of order 
n, then if y,, y, be changed to 2,, 2, respectively in 

Im —r j\n — 

Lad ib 
after the differentiations have been performed, the result is 
called the rth transvectant (Cayley, 1846) of f(x) and g(2). 


This will be abbreviated Cf, g)’, following a well-established 
notation. We Bite have for a general formula 


r\ 0f(x) | F9(%) 
(Ag) = = YC1 r() oe 


s=0 


=Orf(@)g(y)s (73) 


We give at present sn afew illustrations. We note that 
the Jacobian of two binary forms is their first transvectant. 
Also the Hessian of a form f is its second transvectant. For 
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=a pi! pura) & XoXo 5 a) 


— (22 =a) ee Ze — aff. ale en 2) 
Cs 


=f, f>?. 
As an example of multiple transvection we may write the 
following covariant of the cubic /: 


Y=CACA S)*)1= (aag — 3 Aytyd, + 2 a3 a} 
+ 3(a)a,4, — 2 A022 + ata, ) xix, 
— 3(Apagd, — 2 a?ag+ a,02)a,x2 
— (49 — 8 A493 +2 03) 2}. 


(741) 


If f and g are two forms of the same order m, then (f, g)™ is 
their bilinear invariant. By forming multiple transvections, 
as was done to obtain Q, we can evidently obtain an un- 
limited number of concomitants of a single form or of a set. 


SECTION 2. THE ARONHOLD SYMBOLISM. SYMBOLICAL 
INVARIANT PROCESSES 


I. Symbolical representation. A binary form f, written 
in the notation of which 


ie eats 2 
= Aye +8 Ayr}, + 3 MgX 123 + Ayr} 


is a particular case, bears a close formal resemblance to a 

power of linear form, here the third power. This resem. 

blance becomes the more noteworthy when we observe that 

the derivative bears the same formal resemblance to the 
mal 

derivative of the third power of a linear form: 


a = 3(a pv? + 2 a,2,%_ + Ay%}). 

1 
That is, it resembles three times the square of the linear 
form. When we study the question of how far this formal 
resemblance may be extended we are led to a completely 
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new and strikingly concise formulation of the fundamental 
processes of binary invariant theory. Although f = a v7"+ ++ 
is not an exact power, we assume the privilege of placing it 
equal to the mth power of a purely symbolical linear form 
02, + a2, Which we abbreviate «,. 


FH (GX + Hy%q)"= WP = Agr] 


This may be done provided we assume that the only defined 
combinations of the symbols «,, a, that is, the only combina- 
tions which have any definite meaning, are the monomials 
of degree m in a, a; 


~1 
OF = Agy OT Oy = Ay, 285 OS = Ans 


and linear combinations of these. Thus «' + 2 aj ~202 means 
at+2a,. But aj'-2a, is meaningless ; an umbral expression 
(Sylvester). An expression of the second degree like aja, 
cannot then be represented in terms of a@’s alone, since 
a”. 3 = of” *03 is undefined. To avoid this difficulty we 
give f a series of symbolical representations, 


S acme Oe Soot pm =~ y= eee, 


wherein the symbols (,, «), (8; By), (Vp Yq)s ++ are said to 
be equivalent symbols as appertaining to the same form f. 
Then 


aie a aT Ai m-1 a ed | - aym—l wad le re 
of = PY Sy = + =H Ay, Of ty = Bi By =7T Ye, = iy 2° 


Now 4,4, becomes (a7’87"*83) and this is a defined combina- 
tion of symbols. 

In general an expression of degree 7 in the a’s will be repre- 
sented by means of 7 equivalent symbol sets, the symbols of 
each set entering the symbolical expressions only to the mth 
degree; moreover there will be a series of (equivalent) 
symbolical representations of the same expression, as 


eae -3 A Sn SND Oni we. gg 
Aydg = a BT B3 = afyt yg = ST YT 3 = 
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Thus the discriminant of 
J = a2 = B2= -- Sar} + 2 a,x 7, + a,272 
D = 4 (aya, — af) = 4( af 83 — 00,88.) 
= 2(af 83 — 2 00,88, + 0887), 
on D = 2(a8)?, 
a very concise representation of this invariant. 
Conversely, if we wish to know what invariant a given 


symbolical expression represents, we proceed thus. Let f be 
the quadratic above, and 


is 


9 =pi=ot= -.. = ba? + 2 b,2,2, + 5,73, 
where p is not equivalent to « Then to find what 
J = (ap)a,p,, Which evidently contains the symbols in defined 
combinations only, represents in terms of the actual coeffi- 
cients of the forms, we multiply out and find 


T= (MyPy — HP y) (M21 + yy) (PyL + Po%) 
= (7p 1P_ — Hy Mapp) Xz + (mp3 — abpT)XyLy + (HM yP3 — 5p Ps )X5, 
= (yb, — aby )XF + (Aba — qb )24%q + (4ybq — Ay, ) 25. 
This is the Jacobian of f and g. Note the simple symbolical 
form 


J = (ap )a,p,-. 


II. Symbolical polars. We shall now investigate the forms 
which the standard invariant processes take when expressed 
in terms of the above symbolism (Aronhold, 1858). 

For polars we have, when f= a7? = Br =--, 


Lat Epes 0 mn 
fy= = re a (ug, )eur + Wlytg)) = ai Ney. 


Hence 


be eo a. (75) 


The transformed form of f under 7 will be 


fee [a (A421 + [4X2) -~ Ol (Ay + fiat) |" 
— [ (ary + WgNg )L4 a (by oo Gxt, ta 
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or J’ =(a,2,+0,25)” 


= oy ™ + eee + ( 


m 


_ Im—- / 
a "Oy ol + oe ema”. (76) 


In view of (75) we have here not only the symbolical 
representation of the transformed form but a very concise 
proof of the fact, proved elsewhere (Chap. I, (29)), that the 
transformed coefficients are polars of aj = f (A,, A,) = a”. 

The formula (66) for the polar of a product becomes 


1 r 
m Qn a m n M—S 8 Qn—Tr+s Qr—s 77 
ite AL pwr aye )e Je ae a ee 
a 


where the symbols a, 8 are not as a rule equivalent. 


III. Symbolical transvectants. If f=af=av=--., g= 
Br=bt=..., then p 06 


A= 008s) =emp (sa ) By 
mn pas 02,0. OL0Y faa 
= (Bangs. 


Hence the symbolical form for the rth transvectant is 


CA, 9)’ = (aR) ar" Br. (78) 


Several properties of transvectants follow easily from this. 
Suppose that g = f so that « and 8 are equivalent symbols. 
Then obviously we can interchange wand 8 in any symbolical 
expression without changing the value of that expression. 
Also we should remember that (a8) is a determinant of the 
second order, and formally 


(a8) = — (Ba). 
Suppose now that r is odd, r=2k+1. Then 
fe Ye ata pace (aS yaw ae ihlats oes ‘any cae ee 


Hence this transvectant, being equal to its own negative, 
vanishes. Every odd transvectant of a form with itself vanishes. 
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If the symbols are not equivalent, evidently 


Ag =(- Dg, f). (79) 
Also if C is a constant, 
(Cf 9) =OL 9's (80) 
(ef, + ato + Aig, + dggg ++)” 


= CAC his I)" + AF Jo)” oe (81) 


IV. Standard method of transvection. We may derive 
transvectants from polars by a simple application of the 
fundamental postulate. For, as shown in section 1, if f= 
aye + + = a, 


4 —Triloa 2 or” a or 
oa Bela ethane +i] ow 


Now (y) is cogredient to (a). Hence ne — + are cogredient 
Be x 

to ¥1, Yo. If we replace the y’s by these derivative symbols 

and operate the result, which we abbreviate as df,r, upon a 


second form g = 6%, we obtain 


n 


= [ib — (;) CT ne ves (— Lyra | aie ead 
=(ab)rar be = 1 9)". (88) 


When we compare the square bracket in (82) with a}~” 
times the square bracket in (83), we see that they differ 
precisely in that y,, y, has been replaced by 6,, — 6,. Hence 
we enunciate the following standard method of transvection. 
Let f be any symbolical form. It may be simple like f in 
this paragraph, or more complicated like (78), or howsoever 
complicated. To obtain the rth transvectant of f and ¢= 0% 
we polarize f r times, change Y4 Yq into by, — b, respectively in 
the result and multiply by b%-". In view of the formula (77) 
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for the polar of a product this is the most desirable method 
of finding transvectants. 
For illustration, let # be a quartic, / = at = 64, and f its 


Hessian, f = (ab)2a3b2. 
Let 3 
g = a3. 
ae Cf = (abyarte] x a, 
y?; y=a. 


= (55 )a288+ (7 )(7) aeeutabs + (3) 9 )av82 | Xe (88 


=1(ab)*(ba)*a2a,+ 2(ab)?(aa) (ba)a,b,0, + 5(ab)?(aa)b? «,. 


Since the symbols a, 6 are equivalent, this may be simplified 
by interchanging a, 6 in the last term, which is then identical 
with the first, 


CA, 9)? = 4(ab)?(ba)Paza, + 3(ab)*(aa)(ba)a,b,0,. 
By the fundamental existence theorem this is a joint co- 
variant of # and g. 
Let f be as above and g = (a8)028,, where « and 8 are not 
equivalent. To find (f,7)?, say, in a case of this kind we 


‘first let g = (a8) 028, = 03, 


introducing a new symbolism for the cubic g. Then we 
apply the method just given, obtaining 


Chg)” = 3(ab)?(bo Pato, + 3( ab )*(ar) (bo )a,b,0,- 

We now examine this result term by term. We note that 
the first term could have been obtained by polarizing g twice 
changing ¥,, y, into 6,,—6, and multiplying the result by 
(ab)*a2. Thus 

}(ab)*(bo Pato, = 1(a8)u28. | (ab)%a2. (85) 

y?; y=b 

Consider next the second term. It could have been obtained 


by polarizing g once with regard to y, and then the result 
once with regard to z; then changing y, y, into a,, — a,, and 
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21, 2, into 6, — 6,, and multiplying this result by (ab)2a,}, ; 
3 (ab )*(ac ) (bo )a,b,0, 
= (08) 28, | | x (ab)2a,b,. (86) 
WY 5 Y=a 


Zee 


From (85), 


(ue) (| VG i ayBy + (B)(5)98.| (Carta 


= 2(ab)*(a8) (ab) (Bb) ara, + 4(ab)?(«B) (ab)2a28,, 
From (86), 


sof H(G)oa+() Eve] 


= 2 o2(Ba)+ 4a Bean) | i x (ab)2(aB )a,b, 


= 3(4b)*(aB) (ab) (Ba)a,ab, + §(ab)*(a8) (aa) (ab) 8,45, 
+ 9(46)*(a8) (Bb) (aa) a,0,b,. 


uy 


Hence we have in this case 


CA, gy)? = 3(ab)?( a8) (ab) (Bb) ara, + 1(ab)?(aB) (ab )2a28, 
+4(ab)?(aB) (ab) (Ba) a,a,b,+ 4(ab)*( a8) (ua) (ab)8,a,6,. (87) 


V. Formula for the 7th transvectant. The most general 
formulas for f, g respectively are 


— oe ( 
f= OPA a, g = RP BP —» BM, 
in which 
a pa ee, ai oo. BO ao fous a Di ie 
We can obtain a formula of complete generality for the 


transvectant (f, g)" by applying the operator © directly to 
the product fg. We have 


0? sae Li! 
fy = Ben ee 


al? Ca) asena 
andy! > A ron 
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Subtracting these we obtain 


Cpe = 5 aes) i] : 


Repetitions of this process, made as follows: 


m—2\n—2 
(Ag= aS S80] ea | (88) 


lead to the conclusion that the rth transvectant of fand g, as 
well as the mere result of applying the operator © to fg r 
times, is a sum of terms each one of which contains the 
product of 7 determinant factors (#8), m—~r factors @,, and 
n—r factors 8, We can however write (f, g)" in a very 
simple explicit form. Consider the special case 


f= aVaPa®, g = BVB, 
Here, by the rule of (88), 


Ch, 9)?2= § (a? BY) (a B®) a® + (CaP BD) (4 8B) a 
+ (aY B®) (¢® BD) a2 + (CaP B®) (a8 BD) a2 
+ (a2 BV) (a® BaD + (a® BY) CaP B®) a3) (89) 
+ (a2 B®) (6® BV) oD + (a2 B® )(aP BD) 
+ (a2 BV) (aD B®) a2 + (a® BY) (a2 B@) a 
+ (42 B2)(aP BV) a + (a2 B2)(a® BM) aD} + |2/3, 


in which occur only six distinct terms, there being a repetition 
of each term. Now consider the general case, and the rth 
transvectant. In the first transvectant one term contains 
t= (aD BD) (2 ... of” Bi? ... B™. In the second transvectant 
there will be a term u,= (a? BY) (a? B® Ja... BS ... arising 
from Qt,, and another term wu, arising from Q¢,, where 
ty = (42 B®) a a2 --- a™ BY B®... B™, Thus u, (y=x) and 
likewise any selected term occurs just twice in(f,g)%. Again 
the term v, =(aPBV)(a®B)(a®B®)a® .. BY... will 
occur in (f, g)? as many times as there are ways of permuting 
the three superscripts 1, 2, 3 or |3 times. Finally in (f, gy)’, 
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written by (88) in the form (89), each term will be repeated 
|r times. We may therefore write (f, g)" as the following 
summation, in which-all terms are distinct and equal in 


number to ee ee 


r 1 a) BD) (@® B2)...CaM BM 
F 9) rae >| oe ee ) fy) . (90) 
r Pe Ned! 7 x y y y 
rj) rj— 


VI. Special cases of operation by {2 upon a doubly binary 
form, not a product. In asubsequent chapter Gordan’s series 
will be developed. This series has to do with operation by 0 
upon a doubly binary form which is neither a polar nor a 
simple product. In this paragraph we consider a few very 
special cases of such a doubly binary form and in connection 
therewith some results of very frequent application. 

We can establish the following formula: 


Or(vy)’ = constant = (7 + 1)((r)*. (91) 
In proof on 


yx 


or Oo” 
Dy) 
=I ) eis ayiays 
and (ty)" = xe LD) ¢ top tatyt ys 
Hence it follows immediately that 


orayy = ¥ (7) (r= 90 


= SUnt=C + Dm 


_A similar doubly binary form is 
F = (ayy! nen. 


If the second factor of this is a polar of &7*""”, we may 
make use of the fact, proved before, that 2 on a polar is zero. 
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An easy differentiation gives 
OL = 7m +n—J +1) (ayy ee ET, 
and repetitions of this formula give 


’ Hise 1 ; . 
op 2 Be orre (Hiss) 
ly7—t|m+n—j—t4+1 =—Oin7 9 


(911) 
This formula holds true if m= n=), that is, for Q' (2y)’. 


VII. Theorem. very monomial expression 6 which con- 
sists entirely of symbolical factors of two types, e.g. determinants 
of type (a8) and linear factors of the type a,, and which is a de- 
fined expression in terms of the coefficients and variables of a 
set of forms f, g, +++ is a concomitant of those forms.  Con- 
versely, every concomitant of the set is a linear combination of 
such monomials. 

Examples of this theorem are given in (78), (84), (87). 

In proof of the first part, let 


P = (a8)? ary)? ++ ab BIyt «ors 

where f= «”; and 8, y, --- may or may not be equivalent to 
a, depending upon whether or not ¢ appertains to a single 
form f or to a set f, g, «+. Transform the form f, that is, the 
set, by 7. The transformed of f is (76) 

JT! = (@ 2) + 0,24)". 

Hence on account of the equations of transformation, 

¢' ra (mB. oa Ou Br)? (OY nee On)? eae ae Be Pee 
, 0,8, — oyB, = (An) (a8). (92) 
Hence ¢! me (ApyPterg, 
which proves the invariancy of ¢. Of course if all factors 
of the second type, «,, are missing in ¢, the latter is an in- 


variant. 
To prove the converse of the theorem let ¢ be a concomi- 


But 
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tant of the set f, g, --- and let the corresponding invariant 
relation be written 


DC Gis Cig = 5 Ly 2) ALE igs Bas ses Pita ee 
Now a= ay “o,(7 = 0, 1, ---, m). Hence if we substitute 


these symbolical forms of the transformed coefficients, the 
left-hand side of (93) becomes a summation of the type 


DE OE r= (AL) Py, +5 5) O, +o, =o), OS 
where P is a monomial expression consisting of factors of the 
type «, only and @ a monomial whose factors are of the one 


type «,. But the inverse of the transformation 7’ (cf. (10)) 
can be written 
ipeeich an ee E, 


eC) ee Ok), 


where £,= —z,, &,=2,. Then (94) becomes 
=(— LP QEEN = nye. (95) 
We now operate on both sides of (95) by Q***, where 
ne fo 
Or,9pg  DAyd py 


We apply (90) to the left-hand side of the result and (91) 


to the right-hand side. The left-hand side accordingly be- 
comes a sum of terms each term of which involves neces- 
sarily o+ determinants («8), (@&). In fact, since the 
result is evidently still of order » in 2, x, there will be in 
each term precisely » determinant factors of type (@&) and k& 
of type (#8). There will be no factors of type a, or & re- 
maining on the left since by (91) the right-hand side becomes 
a constant times ¢, and ¢ does not involve A, uw. We now 
replace, on the left, (a&) by its equivalent «,, (B&) by £,, ete. 
Then (95) gives, after division by the constant on the right, 


dh Le La(aB)?(ay)? Pat ae? BZ see, (96) 


where a is a constant ; which was to be proved. 
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This theorem is sometimes called the fundamental theorem 
of the symbolical theory since by it any binary invariant 
problem may be studied under the Aronhold symbolical 
representation. 


SECTION 38. REDUCIBILITY. ELEMENTARY COMPLETE 
IRREDUCIBLE SYSTEMS 


Illustrations of the fundamental theorem proved at the 
end of Section 2 will now be given. 


I. Illustrations. It will be recalled that in (96) each sym- 
bolical letter occurs to the precise degree equal to the order 
of the form to which it appertains. Note also that & +o, the 
index plus the order of the concomitant, used in the proof of 
the theorem, equals the weight of the concomitant. This 
equals the number of symbolical determinant factors of the 
type (a8) plus the number of linear factors of the type «, in 
any term of ¢. The order w of the concomitant equals the 
number of symbolical factors of the type @, in any term of ¢, 
The degree of the concomitant equals the number of distinct 


symbols a, 8, --- occurring in its symbolical representation. 
Let 
$ = (a8)? (ay)*( By)” +++ ab Be ++ 


be any concomitant formula for a set of forms f= a7, 
g = 8% +. No generality will be lost in the present dis- 
cussion by assuming ¢@ to be monomial, since each separate 
term of a sum of such monomials isa concomitant. In order 
to write down all monomial concomitants of the set of a given 
degree t we have only to construct all symbolical products ¢ 
involving precisely ¢ symbols which fulfill the laws 


p+at +p=m, 


ptrts+o=n, whe 
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where, as stated above, m is the order of Ff and equal there- 
fore to the degree to which @ occurs in d, n, the order a gq: 
and so on. 

In particular let the set consist of f= «2= £2 merely. 
For the concomitant of degree 1 only one symbol may be 
used. Hence f= a? itself is the only concomitant of degree 
iT 4f2— 2, we have for. ¢, 


$ = (a8)”aiB%, 
Dae Jae aks aa 


and from (97) 
Or 


root 
fk 19 |" 


Srila 


Thus the only monomial concomitants of degree 2 are 


282 = f%, (aB)a,8, = — (aP)u,8, = 0, (u8)? = 4 D 
For the degree 3 


$ = (aB8)?(ay)*(By) ee BrVi 
ptratp=2, ptrt+o=2, gtrt+7T=2. 


It is found that all solutions of these three linear Diophan- 
tine equations lead to concomitants expressible in the form 
J*D’, or to identically vanishing concomitants. 

DEFINITION. Any concomitant of a set of forms which is 
expressible as a rational integral function of other concomi- 
tants of equal or of lower degree of the set is said to be 
reducible in terms of the other concomitants. 

It will be seen from the above that the only irreducible 
concomitants of a binary quadratic f of the first three degrees 
are f itself and D, its discriminant. It will be proved later 
that f, D form a complete irreducible system of f. By this 
we mean a system of concomitants such that every other con- 
comitant of f is reducible in terms of the members of this 
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system. Note that this system for the quadratic is finite. 
In another chapter we shall prove the celebrated Gordan’s 
theorem that a complete irreducible system of concomitants 
exists for every binary form or set of forms and the system 
consists always of a finite number of concomitants. All of 
the concomitants of the quadratic f above which are not 
monomial are reducible, but this is not always the case as it 
will be sometimes preferable to select as a member of a com- 
plete irreducible system a concomitant which is not mono- 
mial (cf. (87)). As a further illustration let the set of 
forms be f=oi= Mt=..g=at=b2=.-; let t= 2. 
Then employing only two symbols and avoiding (#8)?=4 D, 
etc. 
p= (aa ) Parag, 


2S PEP Te a: 
The concomitants from this formula are, 
waz=f-g, (aa)aa,=J, (aa)? =h, 
J being the Jacobian, and A the bilinear invariant of f and ¢. 


II. Reduction by identities. As will appear subsequently 
the standard method of obtaining complete irreducible sys- 
tems is by transvection. There are many methods of proy- 
ing concomitants reducible more powerful than the one 
briefly considered above, and the interchange of equivalent 
symbols. One method is reduction by symbolical identities. 

Fundamental identity. One of the identities frequently 
employed in reduction is one already frequently used in 
various connections, viz. formula (92). We write this 


a,b, — a,b, =(ab) (ay). (98) 

Every reduction formula to be introduced in this book, in- 
cluding Gordan’s series and Stroh’s series, may be derived 
directly from (98). For this reason this formula is called 
the fundamental reduction formula of binary invariant theory 


(cf. Chap. IV). 
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If we change y, to ¢,, y, to — c,, (98) becomes 


(6c)a,+(ca)b,+(ab)e,=0. (99) 
Replacing x by d in (99), 
(ad) (bc) + (ea) (bd) + (ab) (ed)= 0. (100) 


From (99) by squaring, 
2(ab)(ac)b,c, =(ab)?c2 + (ac)*b2 —(be)2a2. (101) 
If w is an imaginary cube root of unity, and 
U; =(bc)a,, Uy =(ca)b,, ug =(ab)e,, 
we have 
(Uy + Uy + Ug) (Uy + Wty + 0743) (Uy + O7Uly + Cs) 
= (ab)%c3 + (be)3a3 + (ca)?63 — 3(ab) (be) (ca)a,b,c,= 0. (102) 
Other identities may be similarly obtained. 
In order to show how such identities may be used in per- 


forming reductions, let f= a3 =03= -.- be the binary cubic 
form. Then 


A =(f.f)?=(ab)*a,b, 
Q = Cf, A) =(ab)%(cb)a,c2. 
—(f, Q)? = 4(ab)%(be) [a,c2 + 2 ¢,¢,dy]y—a X dz (102;) 
= 4|(ab)?(ed)?(be)a,d, + 2(ab)?(ad) (ed) (bc)e,d,]. 
But by the interchanges a~d, b~e 
(ab)*(ed)?(be)a,d, = (de)?(ba)*(cb)a,d, = 0. 
By the interchange e~d the second term in the square 
bracket equals 


(ab)*(ed)c,d,[ (ad) (be) + (ea) (ba) J, 
or, by (100) this equals 
(ab)?(ed)*c,d, = 0. 


Hence (f, Q)? vanishes. 
We may note here the result of the transvection (A, A)?; 


R =(A, A)* = (ab)*(ed)?(ac) (6d). 
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III. Concomitants of binary cubic. We give below a table 
of transvectants for the binary cubic form. It shows which 
transvectants are reducible in terms of other concomitants. 
It will be inferred from the table that the complete irredu- 
cible system for the binary cubic f consists of 


SJ, A, Q, BR, 


one invariant and three covariants, and this is the case as 
will be proved later. Not all of the reductions indicated in 
this table can be advantageously made by the methods intro- 
duced up to the present, but many of them can. All four 
of the irreducible concomitants have previously been derived 
in this book, in terms of the actual coefficients, but they are 
given here for convenient reference: 


SH Uti + 3 ayxixq + 8 dyryx} + Ayr}, , 
A = 2( aod, — af) x} + 2(apdg — ay 4g) X4%_ + 2(a,a, — a2)23 
(cf. (85)), 
@ = (a2ag — 3 ayaa, + 2 a3) x} + 3(ayaya, — 2 a,a3 + a2a,) x22, 
— 3(a)a,43 — 2 a?ag + 4,02) 2,03 — (aya — 3 aydgdg + 2 a3) 23 


(cf. (39)), 
(cf. (74,)). 


The symbolical forms are all given in the preceding Paragraph. 


RB =8(aydg — af) (4443 — 43) — 2(ayag — 2449)? 


TABLE I 
First TRANSV. Srconn TRANSV. Tuirp TRANSV. 
(f, A)=Q (f, A)? =0 
Ch, £)== 0 (A, A)?=R 
(Ff, Q)=— 3 4? (f, Q)? =0 (f, QY =f 
(A, Q)= 72S (A, Q)? =0 
(Q, Q)=0 (Q, Q)?=4RA (Q, Q)? =0 
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SECTION 4. CONCOMITANTS IN TERMS OF THE ROOTS 


Every binary form f=a™= 6" = ... is linearly factorable 
in some field of rationality. Suppose 


f= (Pay — 1g) PP ay — rang) +» (rf, — 7924). 


Then the coefficients of the form are the elementary sym- 
metric functions of the m groups of variables (homogeneous ) 


DC) es eee 
These functions are given by 
a= (1) rn er) = 0, 08) 


The number of terms in = evidently equals the number of 
distinct terms obtainable from its leading term by permuting 
all of its letters after the superscripts are removed. ‘This 
number is, then, 

N=|m/|j |m=I = mC}. 


I. Theorem. <Any concomitant of f is a simultaneous con- 
comitant of the linear factors of f, i.e. of the linear forms 


C7rVz), Gaz. teey oon). 


f! =(— 17 Vz’) (7 @ 2") (Ma), (104) 


and ue Spel (Lp! (2) 19) pol G+) I(m) 
a=(— 1a er? +42 re Sey Py CLONE) 


For, 


Let ¢@ be a concomitant of f, and let the corresponding in- 
variant relation be 


P! = (Ay e045 Bin) ps 2a) = CAL) * doy ***9 Gm) yy Ug)? = AKO. 


When the primed coefficients in ¢/ are expressed in terms of 
the roots from (103,) and the unprimed coefficients in ¢ in 
this invariant relation are expressed in terms of the roots 
from (103), it is evident that ¢’ is the same function of the 
primed r’s that ¢ is of the unprimed 7’s. This proves the » 
theorem. 
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II. Conversion operators. In this Paragraph much advan- 
tage results in connection with formal manipulations by in- 
troducing the following notation for the factored form of f: 


SF =a oo «2. ™, (105) 


Here a = a(2,+ ePx,(j=1,-, m). The a’s are related 
to the roots (r\”, rY’) of the previous Paragraph by the 
equations 

ED aan ae et) Bit os rh : 
that is, the roots are (+ a{?, —e/) (j=1,---,m). The 
umbral expressions a,, a, are now cogredient to a”, af? 


(Chap. I, § 2, VII, and Chap. III, (76)). Hence, 


» O BO. es, 
OO eee a i Ake an 
(« a icone or 


is an invariantive operator by the fundamental postulate. In 
the same way 


[Da] = (« ) Co = ae (am ) 
and [ Dare..] = [Da] [Ds] [D.] 


are invariantive operators. If we recall that the only degree 
to which any umbral pair a,, a, can occur in a symbolical 
concomitant, 


= LI k(ab) (ae) -., 
of f is the precise degree m, it is evident that [D,,,...] operated 


upon ¢ gives a concomitant which is expressed entirely in 
terms of the roots (a, —a) of f. Illustrations follow. 
Let 2 ¢ be the discriminant of the quadratic 


f=a2=b2=..,6=(ab)*. 
Then 


(a2 Ne = 2(ab) (ab); [_D,]o = 2(aPB) (a8). 


Hence 
[Dar|o = — 2(aeVPa® (106) 
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This result is therefore some concomitant of f expressed 
entirely in terms of the roots of f. It will presently appear 
that it is, except for a numerical factor, the invariant ¢ it- 
self expressed in terms of the roots. Next let ¢ be the co- 
variant @ of the cubic f=a3=..-. Then 


Q i (ab)*(ac)b,c?, 


4[.D,] Q = (ab) (ab) (ca® )b,02 + (ab) (ab) (ea® )b,02 
+ (a5) (ab) (ca? )b, 02, 


1[ Du] Q = (@P a?) (a &?) (ea®) a3 e2 

+ (aVa®) Ca &D) (cu ) 0? 2 + (eV a®) (a2 a?) (ce ) a 2 
+(a@Pa?) (a aD) (ea?) 2 + (aD a® )(a® aD) (ea?) a c2 
+ (@Va®) (a? « ) (ca? oP c2 + (a2 a) (a2 a) (ca ) a2 e2 
+ (0?) (a? aD) (cao ) oe?) c2+ (a2 a?) (a? a® ) (ea )aDer, 


[Dare] Q = — 23E (aD a )2(eD 3) B22, (107) 


wherein the summation covers the permutations of the 
superscripts. This is accordingly a covariant of the cubic 
expressed in terms of the roots. 

Now it appears from (104) that each coefficient of 
f=an = «is of degree m in the a’s of the roots (a, — a{”). 
Hence any concomitant of degree 7 will be of degree im in 
these roots. Conversely, any invariant or covariant which is 
of degree im in the root letters « will, when expressed in 
terms of the coefficients of the form, be of degree 7@ in these 
coefficients. This is a property which invariants enjoy in 
common with all symmetric functions. Thus [D,,]¢ above 
is an invariant of the quadratic of degree 2 and hence it 
must be the discriminant @¢ itself, since the latter is the 
only invariant of f of that degree (cf. § 3). Likewise it 
appears from Table I that @Q is the only covariant of the 
cubic of degree-order (3, 3), and since by the present rule 
[D.s-]Q@ is of degree-order (8, 3), (107) is, aside from a 
numerical multiplier, the expression for @ itself in terms of 
the roots. 
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It will be observed generally that [D,...] preserves not 
only the degree-order (7, w) of ¢, but also the weight since 
w=}(im+o). If then in any case ¢ happens to be the 
only concomitant of f of that given degree-order (%, ), the 
expression [D,,...]}6 18 precisely the concomitant ¢ expressed 
in terms of the roots. This rule enables us to derive easily 
by the method above the expressions for the irreducible 
system of the cubic f in terms of the roots. These are 

f= aa2oe® ; a3. 
A = 3 (a '?)2a32; (ab)2a,b,. 
Q = T(aVe® )2(aP a®)aB2a2 ; (ab)2(ac)b,c2. 


R =(aVa2)2(a @®)2(e® a2; (ab) ed)2(ae)(bd). 
Consider now the explicit form of Q: 


Q = (a0 2 )2(@D 0) B22 4+ (a2 a) 2(ce2 oe) eV p3 
+ (a®aeD)2(¢ Be) 22a + (aB@e® )2(a® aD) @D%q2 
(ce oD )2( 2 eB) B20 (ce D a2) )2( oD @ ) ce'22 G2), 


It is to be noted that this is symmetric in the two groups of 
letters (a{?, af”). Also each root (value of 7) occurs in the 
same number of factors as any other root in a term of Q. 
Thus in the first term the superscript (1) occurs in three 
factors. So also does (2). 


III. Principal theorem. We now proceed to prove the 
principal theorem of this subject (Cayley). 

DEFINITION. In Chapter I, Section 1, II, the length of 
the segment joining C(2,, 2), and D(y,, y,); real points, 
was shown to be 

es AMC YZ) 
(yy + Yo) Aa, + 2)’ 
where A is the multiplier appertaining to the points of 
reference P, Q, and pw is the length of the segment PQ. If 
the ratios 21:%, Y,:Y_ are not real, this formula will not 
represent a real segment CD. But in any case if (r{”, r§”), 
(7, r§) are any two roots of a binary form f= a7, real or 
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imaginary, we define the difference of these two roots to be 
the number 
[rP7O ] = | Aw rr) 
Or? + 7) Or +r) 


We note for immediate use that the expression 
1) = Ory + HGP Yr + AP) Crm + 2) 


is Symmetric in the roots. That is, it is a symmetric func- 
tion of the two groups of variables (7, r) (7 =1, +++, m). 
In fact it is the result of substituting (1, —2) for (2, cy eh 


F=(—1)(rVx) (rx) + (ra, 


and equals 
IT (7) = (a) — ma,r + +» +(—1)™a,,r”). 


Obviously the reference points P, Q can be selected * so 
that (1, —2) is not a root, z.e. so that I(r) «0. 


THEOREM. Let f be any binary form, then any function 
of the two types of differences 


[rPr], [rr] ee Aw(re) /Crr? au ri) (ra, + 2%), 


which is homogenous in both types of differences and symmetric 
in the roots (7{?, 7) (7 =1, +++, m) will, when expressed in 
terms of 21, x, and the coefficients of f, and made integral by 
multiplying by a power of I(r) times a power of (Ax, +24), 
be a concomitant if and only if every one of the products of 
differences of which it consists involves all roots (ri, rl’) 
(values of 7) in equal numbers of its factors. Moreover all 
concomitants of f are functions > defined in this way. If only 
the one type of difference [r\” r™ ] occurs in , tt is an invart- 
ant, uf only the type [rx], it is an identical covariant, — a 
power of f itself, and tf both types occur, h ts a covariant. 
[Cf. theorem in Chap. III, § 2, VII. ] 


* If the transformation T is looked upon as a change of reference points, the 
multiplier \ undergoes a homographic transformation under T. 
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In proof of this let the explicit form of the function ¢ de- 
scribed in the theorem be 


d= > [r” PD] xP pL p@] Pee [2D a ]ee[r@a]e oe, 
k 
where 


+ By ts HH + By t vee See, 
Por Oe v8 = Py + Og + coe == tee, 


and @ is symmetric in the roots. We are to prove that ¢ is 
invariantive when and only when each superscript occurs in 
the same number of factors as every other superscript in 
aterm of ¢. We note first that if this property holds and 
we express the differences in ¢ in explicit form as defined 
above, the terms of = will, without further algebraical manip- 
ulation, have a common denominator, and this will be of the 
form 


II (r)"(Aa + 2%)”. 


Hence II(r)“(Az, + 2)’ is a sum of monomials each one of 
which is a product of determinants of the two types (7 r“), 
(rPzx). But owing to the cogrediency of the roots and 
variables these determinants are separately invariant under 
T, hence II(7)“(Az, + %)’¢ is a concomitant. Next assume 
that in @ it is not true that each superscript occurs the same 
number of times in a term as every other superscript. Then 
although when the above explicit formulas for differences are 
introduced (Axv,+2,) occurs to the same power v in every de- 
nominator in &, this is not true of a factor of the type 
(Ari? +75). Hence the terms of = must be reduced to a 
common denominator. Let this common denominator be 


II (r)“(Av,+2,)". Then II(r)“(Ar, + 22)" is of the form 
$= > LL Or? 4 ry x(7 Dr @) (7D 7B) Pe... 
oan x CrP x )jrk(r Dy), as, 


where not all of the positive integers u,, are zero. 


THE PROCESSES OF INVARIANT THEORY 15 


Now ¢, is invariantive under 7. Hence it must be unaltered 

under the special case of 7; 4,=—2,2,=2). From this 
Gare IG) 

ee i fe ar © ence 


$= > el (Ar? — rP)Ge(rDr® ) er pB By oe (rDaPe os, 
Se) 


and this is obviously not identical with ¢, on account of the 
presence of the factor I]. Hence ¢, is not a concomitant. 

All parts of the theorem have now been proved or are self- 
evident except that all concomitants of a form are expres- 
sible in the manner stated in the theorem. To prove this, 
note that any concomitant ¢ of f, being rational in the coeffi- 
cients of f, is symmetric in the roots. To prove that ¢ need 
involve the roots in the form of differences only, before it is 
made integral by multiplication by IH(*)"(Az, + %,)”, it is 
only necessary to observe that it must remain unaltered 
when f is transformed by the following transformation of 
determinant unity : 

Co Ch oe 

and functions of determinants (77), (rz) are the only 
symmetric functions which have this property. 

As an illustration of the theorem consider concomitants of 
the quadratic f=(rzx)(7@zx). These are of the form 


d= > [rPr@]%[rPa)] [rx]. 
k 
Here owing to homogeneity in the two types of differences, 
“= & = cee Py tO, = Pot % =" 


Also due to the fact that each superscript must occur as 
many times in a term as every other superscript, 


& + py =H +9); Why + Po = by + Tq, ++ 


Also owing to symmetry «, must be even. Hence a, = 2a, 
pe 6p and 


T(r) "Fray + 22)" 
= cf (r Dp )20$ (rPz) (72q) th = CDF? 
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where C'is a numerical multiplier. Now @ and 8 may have 
any positive integral values including zero. Hence the 
concomitants of f consist of the discriminant D= — (rr )2, 
the form f=(rzr)(r@z) itself, and products of powers of 
these two concomitants. In other words we obtain here a 
proof that f and D form a complete irreducible system for 
the quadratic. We may easily derive the irreducible system 
of the cubic by the same method, and it may also be applied 
with success to the quartic although the work is there 
quite complicated. We shall close this discussion by deter- 
mining by this method all of the invariants of a binary cubic 


f=-Cr™z) (rz) (r®@z). Here 
d= DS [rr @]% [pr @pB ]Pe fp @ poy] 
k 


and 
Oe + Vp = % + Be = By + Ye 
That is, 
Oy, = Bp =, = 2 
Hence 


Tl (r)42h = 6§ (rYr® )2(7.2@7-B)2(7@pD 224 OR. 


Thus the discriminant # and its powers are the only 
invariants. 


IV. Hermite’s reciprocity theorem. Jf a form f=ay=b" 
=-+- of order m has a concomitant of degree n and order o, 
then a form g = a = -+- of order n has a concomitant of degree 
m and order w. 


To prove this theorem let the concomitant of f be 
= Yk(ab)?(ac)?--- abe) (r+8+ ++ =o), 


where the summation extends over all terms of J and & is 
numerical. In this the number of distinct symbols a, 6, --- is 
n. This expression J if not symmetric in the n letters 
a, 6, c, +» can be changed into an equivalent expression in the 
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sense that it represents the same concomitant as J, and which 
is symmetric. To do this, take a term of J, as 


k(ab)?(ae)4 AA abs. tee, 


and in it permute the equivalent symbols a, },--- in all |n 
possible ways, add the |m resulting monomial expressions and 
divide the sum by |n. Do this for all terms of J and add 
the results for all terms. This latter sum is an expression J 
equivalent to J and symmetric in the m symbols. Moreover 
each symbol occurs to the same degree in every term of Jas 
does every other symbol, and this degree is precisely m. 
Now let 
g = oPa® «a, 


and in a perfectly arbitrary manner make the following re- 
placements in J: 

Gi 2) oe ead 

aD, of, B,J 


The result is an expression in the roots (al, — al) of g, 


which possesses the following properties: It is symmetric 
in the roots, and of order w. In every term each root 
(value of (7)) occurs in the same number of factors as 
every other root. Hence by the principal theorem of this 
section J, is a concomitant of g expressed in terms of the 
roots. It is of degree m in the coefficients of g since it is of 
degree m in each root. This proves the theorem. 

As an illustration of this theorem we may note that a 
quartic form f has an invariant J of degree 3 (cf. (70,)); 
and, reciprocally, a cubic form g has an invariant F# of degree 
4, viz. the discriminant of g (cf. (39)). 
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SECTION 5. GEOMETRICAL INTERPRETATIONS. 
INVOLUTION 


In Chapter I, Section 1, I], IIT, it has been shown how the 
roots (7r{", rf) (@@=1, ---, m) of a binary form 


SF = (Aqy Uy *8*y Am EX, Ly)” 
may be represented by a range of m points referred to two 
fixed points of reference, on a straight line HF. Now the 
evanescence of any invariant of f implies, in view of the 
theory of invariants in terms of the roots, a definite relation 
between the points of this range, and this relation is such 
that it holds true likewise for the range obtained from f = 0 
by transforming f by 7. A property of a range f= 0 which 
persists for f’=0 is called a prajective property. Every 
property represented by the vanishing of an invariant J of 
F is therefore projective in view of the invariant equation 

ECG; oo) = (Ap)*I (ap, vee), 

Any covariant of f equated to zero gives rise to a 
“derived” point range connected in a definite manner with 
the range f= 0, and this connecting relation is projective. 
The identical evanescence of any covariant implies projec- 
tive relations between the points of the original range f= 0 
such that the derived point range obtained by equating the 
covariant to zero is absolutely indeterminate. The like 
remarks apply to covariants or invariants of two or more 
forms, and the point systems represented thereby. 


I. Involution. If 
SF = (doy Uys 01 Kay, Hy)" GJ = Cp, By +++ Nyy Ly)” 
are two binary forms of the same order, then 
F + hg = (ay + hbo, ay + hby, «++ ary, XQ)” 


where & is a variable parameter, denotes a system of quantics 
which are said to form, with f and g, an involution. The 
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single infinity of point ranges given by k, taken with the 
ranges f = 0, g=0 are said to form an involution of point 
ranges. 

In Chapter I, Section 1, V, we proved that a point pair 
(Ca), (v)) can be found harmonically related to any two given 
point pairs (Cp), (r)), C(q), (s)). Tf the latter two pairs 
are given by the respective quadratic forms f, g, the pair 
((w), (v)) is furnished by the Jacobian ( of f, g. If the 
eliminant of three quadratics f, g, h vanishes identically, 
then there exists a linear relation 


ftkg+th=0, 


and the pair 4=0 belongs to the involution defined by the 
two given pairs. 


THEOREM. There are, in general, 20¢m—1) quantics be- 
longing to the involution f + kg which contain a squared linear 
factor, and the set comprising all double roots of these quantics 
ts the set of roots of the Jacobian of f and g. 

In proof of this, we have shown in Chapter I that the dis- 
criminant of a form of order m is of degree 2(m—1). 
Hence the discriminant of f+g is a polynomial in & of 
order 2(m—1). Equated to zero it determines 2(m—1) 
values of & for which f+ kg has a double root. 

We have thus proved that an involution of point ranges 
contains 2(m— 1) ranges each of which has a double point. 
We can now show that the 2(m— 1) roots of the Jacobian 
of f and g are the double points of the involution. For if 
L Uy — LU, is a double factor of f+ kg, it is a simple factor 
of the two forms 


ue at poe of + ph ; 

Ox, OL, OX, OL, 
and hence is a simple factor of the & eliminant of these 
forms, which is the Jacobian of f, g. By this, for instance, 


the points of the common harmonic pair of two quadratics 
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are the double points of the involution defined by those 
quadratics. The square of each linear factor of C belongs 
to the involution f + kg. 

In case the Jacobian vanishes identically the range of 
double points of the involution becomes indeterminate. 
This is to be expected since f is then a multiple of g and the 
two fundamental ranges f= 0, g = 0 coincide. 


II. Projective properties represented by vanishing covari- 
ants. The most elementary irreducible covariants of a single 
binary form f= (ay, aj, +++ {%, %)” are the Hessian H, and 
the third-degree covariant 7), viz. 


H=(f, fy, T=(f, B). 


We now give a geometrical interpretation of each of these. 


THEOREM. A necessary and sufficient condition in order 
that the binary form f may be the mth power of a linear form 
is that its Hessian H should vanish identically. 


If we construct the Hessian determinant of (7,7, — 1,7,)”, 
it is found to vanish. Conversely, assume that H= 0. 
Since H is the Jacobian of the two first partial derivatives 


Bis ue the equation H = 0 implies a linear relation 
Oz, 92%, 


K oie K Le 0. 
5 Oz, ; OL, 
Also by Euler’s theorem 
ie ere 
sf. Ox iss: 0X, as 
and Of ee 
a dz,+ ae, dz, = df. 


Expansion of the eliminant of these three equations gives 


Of yy, Met + Hs) 
J Ky2 + KX, 
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and by integration 
SH (HyXy + XQ)”, 
and this proves the theorem. 


THEOREM. A necessary and sufficient condition in order 
that a binary quartic form f = ayr} + --- should be the product 
of two squared linear factors is that its sextic covariant T 
should vanish identically. | 


To give a proof of this we need a result which can be most 
easily proved by the methods of the next chapter (cf. 
Appendix (29)) e.g. if ¢ and J are the respective invariants 


of f, 
t= 2(a a, — 4a,a,+ 38 a3), 


AX a, as, 
JOG, 7 aa, 
As As A, 
Ce ene eos). 


We also observe that the discriminant of f is 3,(— 6J%). 
Now write «2 as the square of a linear form, and 


f= og3=at=bh= +, 


Then 
HH (orge ae) 
= }[(aa)?q2 + (qa)?a2 + 4(aa) (qa) a2.) az 
= §[3(aa)*q? + 3(qa)?a2 — 2(ag)*a7Z] a7. 
But 
(aa)?a2 = Cf, 02)? = $(ag)?a2, 
(qa)*a2 = Cf, 92)? = $[(0g)?92 + 8(¢99)*az]- 
Hence 


= — }(aq)*f + $(9q)*ae- (108) 


This shows that when H = 0, f is a fourth power since (aq)’, 
(qq)? are constants. 
It now follows immediately that 


T=(f, H) =A a.) a2. 
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Next if f contains two pairs of repeated factors, g? is a 
perfect square, (qq)?=0, and 7Z=0. Conversely, without 
assumption that «2 is the square of a linear form, if 7’= 0, 
then 
Cf, PT)’ =34(% — 67%) =0, 
and f has at least one repeated factor. Let this bea, Then 
from 
T= 49V*(S, @2)0 = 0, 

we have either (qq)?= 0, when g? is also a perfect square, or 
(Cf, «,)=0, when f= at. Hence the condition 7’= 0 is both 
necessary and sufficient. 


CHAPTER IV 


REDUCTION 


SECTION 1. GORDAN’S SERIES. THE QUARTIC 


THE process of making reductions by means of identities, 
illustrated in Chapter III, Section 3, is tedious. But we 
may by a generalizing process, prepare such identities in 
such a way that the prepared identity will reduce certain 
extensive types of concomitants with great facility. Such 
a prepared identity is the series of Gordan. 


I. Gordan’s series. ‘This is derived by rational operations 
upon the fundamental identity 
a,b, = a,b, +(ab)(ry). 
From the latter we have 
anh =| 4,0, (Cab) ay) oy Ga 2m) 


= > (7 age-Hoe- R85 Cab) 
k=0 


Since the left-hand member can represent any doubly binary 
form of degree-order (m,n), we have here an expansion of 
such a function as a power series in (zy). We proceed to 
reduce this series to a more advantageous form. We con- 
struct the (n — k)th y-polar of 


(az, br)* = (ab kar "or*, 
by the formula for the polar of a product (66). This gives 
(am, 6" )Fn—k | 
= Cab )* ale m—k y n—k eee ere 
Ce) m—k—h/\n—m+h/ % sia ” (110) 
k h=9 
n— 


(109) 


83 
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Subtracting (ab)‘ay-*b™-*b"-™ from each term under the 
summation and remembering that the sum of the numerical 
coefficients in the polar of a product is unity we immediately 
obtain 


Cap te be oC 


m bn Pas (ab)* ge m—k n—k 
ete ny Ge ROAR p> m—k—-h]\n—m+h 


n— 
ne ee (ay a0.) (111) 


Aside from the factor jr) the left-hand member of (111) 


is the coefficient of (vy)* in (109). Thus this coefficient is 
the (n—k)th polar of the Ath transvectant of a7, 67, minus 
terms which contain the factor (ab)**(vy). We now use 
(111) as a recursion formula, taking k=m,m—1,-+-. This 
gives 
(ab)mbn-™ = (a2, BY)", on 
ced 1 

(abyrta,D D5" = (a8, 2) tna — ——= a2 
We now proceed to prove by induction that 
Capa On ee a a 6” oe : 

+ a,(ar, bf ee (ry s Baas 

+a,;(a™, pn yest Se (113) 

aL Oy 41 OE ’ 6%.) yn—m LY oS 
where the @’s are constants. The first steps of the induction 
are given by (112). Assuming (113) we prove that the rela- 
tion is true when £ is replaced by &—1. 
By Taylor’s theorem 


pt eee eat 
= t, ,(E —1)*"+6_.(€-1)" + - +4,¢€-1) +6. 


29 Or) nm LY )-(112) 


Hence 


(ahb" — albl) =t,,(ab)*(ay)* + Laeeee \cvy)* a,b, + - 
|. t, (ab) (ayy ator” ode oe oh t (ab) (xy )ai hii, 
(114) 
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Hence (111) may be written 


CO ames (Cy 
m—k h 

sa > A,,( ab) ge Ftp bit tA nm (py 441. (115) 
(ie ea 

in which the coefficients A,,; are numerical. 

But the terms 


P= (ab) tap Mbp be mm > hI, tS hb) 


for all values of A, 7 are already known by (112), (113) as 
linear combinations of polars of transvectants; the type of 
expression whose proof we seek. Hence since (115) is linear 
in the 7,,; its terms can immediately be arranged in a form 
which is precisely (113) with & replaced by k—1. This 
proves the statement. 

We now substitute from (113) in (109) for all values of &. 
The result can obviously be arranged in the form 


aby = O,Cai, BY)oa + O(a, bs yb-a(zy) + (116) 
+ Ojai, BYYin-s(ayy + + + Ona, B29 (2y)™ 


It remains to determine the coefficients C; By (91,) of 
Chapter III we have, after operating upon both sides of 
(116) by ©/ and then placing y = 2, 


min filmes td 
as b m—jon—j — (). 
|m —J ean Do aed ie ae as 


(ab)iam Ibn, 


Solving for C;, placing the result in (116) Cj) .=3 OF 4h). 
and writing the result as a summation, 


mpn — J J x j an bn J nj. (117) 
m4 > @ Beh : jt n° y) ( yy 
Z 


This is Gordan’s series. 
To put this result in a more useful, and at the same time 
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a more general form let us multiply (117) by (ab)r and 
change m, n into m— r,n—~r respectively. Thus 


(ab)ra"—"h2-7 


en ee 


- (ay)iCam, Biz", (118) 
a & +n—2r—7 S) 
J 
: : o" ae 
If we operate upon this equation by (« =) : (y=) , we ob- 
y x 


tain the respective formulas 
CE aR LH ora ais 


ore en ee | 
F | 
= > ee eT (zy )i(ay, of joey (119) 


‘ j 


(ab )'an ir gO , 


(m—1—B/n- — , 
= > m+ ; —2r—j+4+1 CLOT arte oo 
Ss ee aks 
It is now desirable to recall the standard method of transvec- 
tion ; replace y, by ¢, y, by —e, in (119) and multiply by 
ep-ntrtk, with the result 


(aby (bc)s- ae be 


= —r—k 
ae 1) ce ine bn itr, epn-J-r-k_ (121) 
J 


Likewise from (120) 
(ab)*(bey""(ae tant op-m4r-A 


cor ae . 7 2 m bn Str p\n—j-r+k : 122 
=> ( OY (mena FEN ? ee 
P 1 
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The left-hand member of equation (121) is unaltered in 
value except for the factor (—1)"~ by the replacements 
a~c, M~p, r~n—r—k; and likewise (122) is unaltered 
except for the factor (—1)"** by the replacements a~c, 
m~p,r~n—r. The right-hand members are however 
altered in form by these changes. If the changes are made 
in (121) and if we write f=", g=a" h=e, e,=0, a= 
n—r—k, o,=r7, we obtain 


so walt) (oh. 4 Brn 


% (mona oe 
a 


(9°99) 
a ( a J J : h mee hae ee (123) 
(—1) F (ep tg sen yoy) 
J 
where we have 
Oy + Og PN, bg + a, PM, a, + & FP, (1241) 
together with «, = 0. 

If the corresponding changes, given above, are made in 
(122) and if we write a, =k, a, =n—T, % =7, we obtain the 
equation (123) again, precisely. Also relations (124, ) repro- 
duce, but there is the additional restriction a, + a, =n. 
Thus (123) holds true in two categories of cases, viz. 
(1) #, =0 with (124,), and (2) &+24,—n with Gos Y 
We write series (123) under the abbreviation 
ee ge 
NM P | 3 Mt MgAN, Oy + &y FM, Oy + My F py 

| @y yg | 
(i) 2, = 0 
Gi) «, +a,=n. 
It is of very great value as an instrument in performing 


reductions. We proceed to illustrate this fact by proving 
certain transvectants to be reducible. 
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Consider (A, Q) of Table I. 


(A, @)=((A, fF), A). 
Here n= p=2, m=3, and we may take «,=0, «,=a,=1, 
giving the. series 
(Ae yf &) 
7 Nes eer a 
Lots Gees 2 
that is, 
CA, Ff), AV+$ CA, F)*, AD?= (CA, A), F) + loos A)’, f°. 
But (AAD 0, (4A) A, 
Hence (A, %)=((A, f/f), A)=4 Bf, 


which was to be proved. 

Next let f= a" be any binary torm and 7 —(7, 7)- its 
Hessian. We wish to show that ((f,f)%,f)? is always 
reducible and to perform the reduction by Gordan’s series. 


Here we may employ 
a f Je 


mmm 
ies 


and since Cf, f )**+!= 0, this gives at once 


es Ay Ae m—1\/3 
: - : CALL I+ ( en Xs) Cee: 
al 3 
— 38\/1 
; . \. ES Cees 
1 


ere. ters 5 (124) 


Solving we obtain 


(LILY = 
where z= (f, f+. 


Hence when m > 4 this transvectant is always reducible. 
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II. The quartic. By means of Gordan’s series all of the 
reductions indicated in Table I and the corresponding ones 
for the analogous table for the quartic, Table II below, can 
be very readily made. Many reductions for forms of higher 
order and indeed for a general order can likewise be made 
(cf. (124)). It has been shown by Stroh* that certain 
classes of transvectants cannot be reduced by this series but 
the simplest members of such a class occur for forms of 
higher order than the fourth. An example where the 
series will fail, due to Stroh, is in connection with the 
decimic f = a!9. The transvectant 


(ioe), 


is not reducible by the series in its original form although 
it is a reducible covariant. A series discovered by Stroh will, 
theoretically, make all reductions, but it is rather difficult to 
apply, and moreover we shall presently develop powerful 
methods of reduction which largely obviate the necessity of 
its use. Stroh’s series is derived by operations upon the 
identity (ab)c, + (be)a, + (ca)b, = 0. 


TABEE. 1 
r=1 r=2 r=3 r=4 
(ops 0 | H 0 i 
Cf HT)" T if 0 AE 
Cid era 0) 0 (If 4) 4 
Gi): 0 4 (2 Jf — i) 0 1p 
Cid) | Ate = el) 0 +(?f—-6JH)| 0 
af By fa 0 — A, (2f2+6 iH—12 JfH) 0 0 


We infer from Table II that the complete irreducible sys- 
tem of the quartic consists of 


a ae: ey a aE 


* Stroh ; Mathematische Annalen, vol. 31. 
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This will be proved later in this chapter. Some of this set 
have already been derived in terms of the actual coefficients 
(cf. (70,)). They are given below. These are readily 
derived by non-symbolical transvection (Chap. III) or by 
the method of expanding their symbolical expressions and 


then expressing the symbols in terms of the actual coeffi- 
cients (Chap. ITI, § 2). 


f= aget + 4 ayaitng + 6 agring + 4 arr} + Ayr}, 

H= 2[ (apa, — af) x} + 2( apa — 444y)2}%y 
+ (dA, +2 ay43—8 a3) r}93 + 2( aya, — Agdg) 11T} + (Ag, — 03) 25], 

T= ; 
(a2ag—3 M)A,4,+ 2 a} )a$+ (aza,+ 2 ayaa, — 9 a,a2 + 6 ata, xia, 
+ 5( ayaa, — 3 apd,ag + 2 ata, ata + 10(aza, — aya?) axia3 
+ 5( — Aydghy +8 Ayd,d, — 2 a,a2)xixs (125) 
+ (9 a,a3 — afay — 2 a,a,a, — 6 aza,) 2,23 
+ (3 Aggy — 4,43 — 2 03)23, 

i = 2(a a, — 4 a,a, + 3 a8), 

Ay 4 I 
a, A, 3 
a, ag WN 


= = He yh eae 
8 = 6(a)4,4,+ 2 a,a,a, — a3 —a,az—aza,). 


These concomitants may be expressed in terms of the roots 
by the methods of Chapter III, Section 4, and in terms of the 
Aronhold symbols by the standard method of transvection. 
To give a fresh illustration of the latter method we select 


Tap y= (i). when 


(A, f) = ((ab)?azb7, ¢) 


= OG) Fyne IG anil, 


= 4(ab)?(be)a2b,c3 + 4(ab)?(ac)a,b203 
= (ab)*(ac)ap2c3. 
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Similar processes give the others. We tabulate the com- 
plete totality of such results below. The reader will find it 
very instructive to develop these results in detail. 
f= at = 05 = eae | 
H = (ab)?a2b2, 
T = (ab)*(ca)a,2c3, 
t— (80), 
= (ab) (be (ca) 
Except for numerical factors these may also be written 
f= aVe2 a2 oe, 
HHS (aa e822, 
T= F(aPa®)2(aV a a a 2a3, (126) 
i= D(aVa®)2(a2 a2, 
T= 3 (aPa®)2( 0 e®)2( a? &D) (a2 a), 


It should be remarked that the formula (90) for the 
general rth transvectant of Chapter III, Section 2 may be 
employed to great advantage in representing concomitants 
in terms of the roots. 

With reference to the reductions given in Table II we 
shall again derive in detail only such as are typical, to show 
the power of Gordan’s series in performing reductions. The 
reduction of (f, H)* has been given above (cf. (124)). 

We have ) 

(— 7, H)'=((H,f), HY =H, TY. 


Here we employ the series 


ie ras 8 
| 4 Aa 
POs = ky 


This gives 


(ih 


> we (Cle) ey 3 Gs) 


se 
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Substitution of the values of the transvectants (H, f)’, 
(H, H)* gives 
(H, T)§=5,(-—6JH+?f). 


be seres 106 (7,2 3 — (FH), 7)? is 


ee ar 
ee See Oe as 
Loe eet 


or 
G7, #). 7) +40, 2). T)-(, P yA acs TA). 
But 
CHA Ay, D=GHM=tih I)= ky CP? — 6 tH). 
Hence, making use of the third line in Table II, 
(2, 1)? = — Ay(#f? + 6 iH? — 12 JHf), 


which we wished to prove. The reader will find it profit- 
able to-perform all of the reductions indicated in Table IT 
by these methods, beginning with the simple cases and _ pro- 
ceeding to the more complicated. 


SECTION 2. THEOREMS ON TRANSVECTANTS 


We shall now prove a series of very far-reaching theorems 
on transvectants. 


I. Theorem. very monomial expression, $, in Aronhold 
symbolical letters of the type peculiar to the invariant theory, 
i.e. involving the two types of factors (ab), a,; 

h = I1(ab)?(ac)9 «++ aebocy, «+s, 
is a term of a determinate transvectant. 


In proof let us select some definite symbolical letter as a and 
in all determinant factors of ¢ which involve a set a, = — y, 
A,=Y;. Then ¢ may be separated into three factors, 2.e. 


¢’ =P Qak., 
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where @ is an aggregate of factors of the one type 4,, 
Q = bic/ ---, and P is a symbolical expression of the same 
general type as the original ¢@ but involving one less sym- 
bolical letter, 
P= (he)? (0d)? <<. 020" ss 

Now PQ does not involve a. It is, moreover, a term of 
some polar whose index r is equal to the order of @Q in y. 
To obtain the form whose rth polar contains the term PQ it 
is only necessary to let y=z in PQ since the latter will 
then go back into the original polarized form (Chap. II], 
§1,1T. Hence ¢ is a term of the result of polarizing 
(P@),-2 7 times, changing y into a and multiplying this 
result by ag. Hence by the standard method of transvec- 
tion @ is a term of the transvectant 


(CPO) ~. Gs) Or p=m)- (127) 
For illustration consider 

p =(ab)?(ac) (be) a,b.02. 
Placing a~y in (ab)?(ac) we have 

g' = — 62c,(be)b,c2 - a,. 
Placing y~z ing’ we obtain 

gp” = — (bc)b3e8a,. 
Thus ¢ is a term of 

A= ( (be) 020), a). 
In fact the complete transvectant A is 


+ A=-— gh(be)(ca)8a,b3 — 3% (be) (ca)*(ba)a,b20, 
— 32,(bc) (ca) (ba)?a,b,c2 — zy (be) (ba)°a,c3 


and ¢ is its third term. 
DEFINITION. The mechanical rule by which one obtains 


the transvectant (ab)a”—1b"-1 from the product a7b7, consist- 
ing of folding one letter from each symbolical form a7, by 
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into a determinant (a6) and diminishing exponents by unity, 
is called convolution. Thus one may obtain (ab)?(ac)a,b2c3 
from (ab)a3b3ct by convolution. 


Il, Theorem. (1) The difference between any two terms of a 
transvectant is equal to a sum of terms each of which is a term 
of a transvectant of lower index of forms obtained from the 
Forms in the original transvectant by convolution. 

(2) The difference between the whole transvectant and one 
of its terms is equal to a sum of terms each of which is a term 
of a transvectant of lower index of forms obtained from the 
original forms by convolution (Gordan). 


In proof of this theorem we consider the process of con- 
structing the formula for the general rth transvectant in 
Chapter III, Section 5. In particular we examine the 
structure of a transvectant-like formula (89). Two terms 
of this or of any transvectant are said to be adjacent when 
they differ only in the arrangement of the letters in a pair 
of symbolical factors. An examination of a formula such as 
(89) shows that two terms can be adjacent in any one of 
three ways, viz.: 


(1) P(e B®) (a B®) and P(e B®) (aB), 
(2) Pa BO ao and PCa B® a, 
(8) Pa?B) B® and PeB”) 2p, 


where P involves symbols from both forms f, g as a rule, 
and both types of symbolical factors. 
The differences between the adjacent terms are in these 
cases respectively 
(1) P(e®a”) (B® B®), 
(2) P(aa” BY 
(8) P(B™B” yal”. 


These follow directly from the reduction identities, ¢.e. from 
formulas (99), (100). 
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Now, taking f, g to be slightly more comprehensive than 
in (89), let 
f= AaPa® ... o, 


g = BBYBP --- BY, 


where A and B involve only factors of the first type (y68). 
Then formula (90) holds true ; 


nas 1 CaP BD) (a B®) ... (aM BO 
CF; 9) ah, ee > cL) ¢ (2) ce a” BV B® aa Bm ra), 
AP ING 


and the difference between any two adjacent terms of Cf, g)’ 
is a term in which at least one factor of type (@) is re- 
placed by one of type (ae) or of type (88'). There then 
remain in the term only r—1 factors of type («8). Hence 
this difference is a term of a transvectant of lower index of 
forms obtained from the original forms f, g by convolution. 

For illustration, two adjacent terms of ((ab)?a2b2, ct)? are 


(ab)?(ac)*b2c2, (ab)?(ac) (be) a,b,c?. 


The difference between these terms, viz. (ab)?(ac)b,c3, is a 
term of 


((ab)°abo CE)s 


and the first form of this latter transvectant may be obtained 
from (ab)?a2b2 by convolution. 

Now let ¢,, t, be any two terms of (f,g)". Then we may 
place between ¢,, ¢, a series of terms of (f, g)” such that any 
term of the series, 

fy tip bi» he & 


is adjacent to those on either side of it. For it is always 
possible to obtain ¢, from t, by a finite number of inter- 
changes of pairs of letters,—a pair being composed either 
of two a@’s or else of two fs. But 


t, — t= (4 — ty) + Gy — be) + +h; — 4)» 
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and all differences on the right are differences between 
adjacent terms, for which the theorem was proved above. 
Thus the part (1) of the theorem is proved for all types of 
terms. 

Next if t is any term of (f, 9)’, we have, since the number 
of terms of this transvectant is 


(hgy-t= ate eS (128) 
FNC) 
= tt -9: 


m\/(n 

"rhe 
and by the first part of the theorém and on account of the form 
of the right-hand member of the last formula this is equal to 


a linear expression of terms of transvectants of lower index 
of forms obtained from f, g by convolution. 


III. Theorem. The difference between any transvectant and 
one of its terms is a linear combination of transvectants of 
lower index of forms obtained from the original forms by 
convolution. 


Formula (128) shows that any term equals the transvec- 
tant of which it is a term plus terms of transvectants of 
lower index. Take one of the latter terms and apply the 
same result (128) to it. It equals the transvectant of 
index s<yvrof which it is a term plus terms of transvectant 
of index <8 of forms obtained from the original forms by 
convolution. Repeating these steps we arrive at transvec- 
tants of index 0 between forms derived from the original 
forms by convolution, and so after not more than 7 applica- 
tions of this process the right-hand side of (128) is reduced 
to the type of expression described in the theorem. 

Now on account of the Theorem I of this section we may 
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go one step farther. As proved there every monomial sym- 
bolical expression is a term of a determinate transvectant 
one of whose forms is the simple f=a” of degree-order 
(1, m). Since the only convolution applicable to the form 
a” is the vacuous convolution producing a” itself, Theorem 
III gives the following result : 

Let @ be any monomial expression in the symbols of a 
single form f, and let some symbol a occur in precisely + 
determinant factors. Then ¢ equals a linear combination 
of transvectants of index < r of a” and forms obtained from 
(PQ), (el. G27) ) by convolution. 

For illustration 


$= (ab)*(be)%a%e2= ((ab)2a2b2, c8)?—((ab)°a,b,. cf) 
+3((ab)4, cf)°. 

It may also be noted that (PQ),_, and all forms obtained 
from it by convolution are of degree one less than the degree 
of @ in the coefficients of f. Hence by reasoning induc- 
tively from the degrees 1, 2 to the degree ¢ we have the 
result : 


THEOREM. very concomitant of degree i of a form f is 
gwen by transvectants of the type 


(Cras F 
where the forms C,_, are all concomitants of f of degree i—1. 
(See:Chap. 111.8 2, Vil.) 


SECTION 8. REDUCTION OF TRANSVECTANT SYSTEMS 


We proceed to apply some of these theorems. 


I. Reducible transvectants (C;_,,f)’. The theorem given 
in the last paragraph of Section 2 will now be amplified by 
another proof. Suppose that the complete set of irreducible 
concomitants of degrees < 7 of a single formis known. Let 
these be 

Fy Vp Yar o°*s Yes 
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and let it be required to find all irreducible concomitants of 
degree 7 The only concomitant of degree unity is f=a™. 
‘All of degree 2 are given by 


Af)" =(abyrar rb, 
where, of course, r is even. <A covariant of degree 7 is an 
aggregate of symbolical products each containing 7 symbols. 
Let C; be one of these products, and a one of the symbols. 
Then by Section 2 C; is a term of a transvectant 


c Cia ay ys 


where C,_, is a symbolical monomial containing 7—1 sym- 
bols, z.e. of degree 2 —1. Hence by Theorem II of Section 2, 


C;= CC» Si +20 Of ay A ie oy): (129) 


where (,_, is a monomial derived from 0,_, by convolution. 
Now (,_,, (Cj_, being of degree i—1 are rational integral 
expressions in the irreducible forms f, ¥,, +++, y%- That is, 
they are polynomials in f, 7, -++, Y%%» the terms of which are 


of the type 
Ps tarel OO Sion UIA 


Hence C; is a sum of transvectants of the type 
Gerd 0 =), 


and since any covariant of f, of degree z is a linear combina- 
tion of terms of the type of C;, all concomitants of degree 7 
are expressible in terms of transvectants of the type 


Cee (130) 


where ¢;_, is a monomial expression in f, 71, +++) Y% of degree 
¢—1, as just explained. 

In order to find all irreducible concomitants of a stated 
degree 7 we need now to develop a method of finding what 
transvectants of (130) are reducible in terms of f, 7, -++s %e- 
With this end in view let ¢;,=po, where p, o are also 
monomials in f, 71, -**5 % Of degrees <7—1. Let p be a 
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form of order n,; p=p™, and c=o". Then assume that 
J <M the order of c. Hence we have 


(Gi-v FY = (prom, ary. 


Then in the ordinary way by the standard method of trans- 
vection we have the following: 


Cr iM a K pro lo, 5 eee = 3 fee 
eT (131) 


Hence if p, now represents (co, f), then pp, is a term of 


(¢,_;, f ), so that 
($i-1 FY? = pp, + =(Gi-1, UD eae Oe B (132) 


Evidently p, p, are both covariants of degree <7 and hence 
are reducible in terms of f, y,,-++,%,- Now we have the 
right to assume that we are constructing the irreducible con- 
comitants of degree 2 by proceeding from transvectants of a 
stated index to those of the next higher index, 7.e. we 
assume these transvectants to be ordered according to in- 
creasing indices. This being true, all of the transvectants 
(¢;-1 f at the stage of the investigation indicated by 
(182) will be known in terms of f, y,, +++, y, or known to be 
irreducible, those that are so, since j’<j. Hence (132) 
shows (¢;;,f) to be reducible since it is a polynomial in 
Fi Vp ots Y, and such concomitants of degree 2 as are already 
known. 

The principal conclusion from this discussion therefore is 
that irreducible concomitants of degree z are obtained only 
from transvectants (¢;_),,f)’ for which no factor of order 27 
occurs in ¢,,. Thus for instance if m=4, (f%,f)! is re- 
ducible for all values of 7 since f? contains the factor f of 
order 4 and 7 cannot exceed 4. 

We note that if a form y is an invariant it may be omitted 
when we form @,_;, for if it is present (¢;_,, f)? will be re- 
ducible by (80). 
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II. Fundamental systems of cubic and quartic. Let m=3 
(cf. Table I). Then f=a? is the only concomitant of 
degree 1. There is one of degree 2, the Hessian (f, f)? =A. 
Now all forms ¢, of (¢,,,f)’ are included in 


Po = f°A’, 
ans Ciuncr = 2. 5 0, ore = 0, 0 = Le bat Cle): Is re- 
ducible for all values of 7 since f? contains the factor f of 


order 3 and 743. Hence the only transvectants which 
could give irreducible concomitants of degree 3 are 


(Af (j=1, 2). 
But (A, f)?=90 (cf. Table IT). In fact the series 


ed 
Se 8 
Leet 


gives A&C AS)AS PRP =—-CAhSA AS P=—-A f=. 


Hence there is one irreducible covariant of degree 3, e.g. 


(Af)=— ¢. 
_ Proceeding to the degree 4, there are three possibilities 
for ¢, in (¢,,f)’. These are ¢?, = f%, fA, @. Since 743 
(f3,f ¥, (fA, f ¥ C7 =1, 2, 8) are all reducible by Section 3, I. 
Of (0, f¥ CG =1, 2 38), CQ. Ff)? =9, as has been proved 
before (cf. (102)), and (Q, f) = 4A? by the Gordan series 
(cf. Table I) © 


fe Oe 
Bi 
On td 


Hence (Q, f )? =— R is the only irreducible case. Next the 
degree 5 must be treated. We may have 


b, =f, FPA, $Q, RB, A?. 


But R# is an invariant, A is of order 2, and Q of order 3. 
Hence since 743 in (¢,, f) the only possibility for an 
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irreducible form is (A*, f)’, and this is reducible by the prin- 
ciple Gf Eth y = 8. But - 

(A*, F)? = (8267, a2)8 = (6a)?(8'a) 8), = (83, (8a)?a,) = 0. 
For (6a)?a, = (A, f )?= 0, as shown above. Hence there are 
no irreducible concomitants of degree 5. It immediately 
follows that there are none of degree > 5, either, since g; in 
($5 f)’ is a more complicated monomial than ¢, in the same 
forms f, A, Q and all the resulting concomitants have been 
proved reducible. 

Consequently the complete irreducible system of concom- 
itants of f, which may be called the fundamental system 
(Salmon) of f is 

DA 

Next let us derive the system for the quartic f; m= 4. 
The concomitants of degree 2 are (f, f)?= A, (f, f)t =. 
Those of degree 3 are to be found from 


CE a jth, a), 
Of these Cf, H)= 7, and is irreducible; Cf, H)* = J is irre- 
ducible, and, as has been proved, (H, f)?=47f (cf. (124)). 
Also from the series 


lee errs 
4 4 4), 
3d 


(H, f)?=0. For the degree four we have in (@5, f)# 


o,=S°, fH, T, 
all of which contain factors of order 27 44 except T. 
From Table II all of the transvectants (7, f)’ Gg =1, 2, 
3, 4) are reducible or vanish, as has been, or may be proved 
by Gordan’s series. Consider one case; (7, f)*. Applying 


the series 
i ee ee 
fs Neo Baan 6) 
| eee) 
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we obtain 


CA, 2), At = —CA, By, SY? — oC 2%, f?. 
But (Cf, 7)*, f= 4407, fy = 90; and C7, Ay =0 fom 
the proof above. Hence 
CA 1), f)* = (CL f)* = 0. 
There are no other irreducible forms since ¢, in (¢,, f)’ will 


be a monomial in f, H, 7 more complicated than ¢,. Hence 
the fundamental system of f consists of 


I, H, T, 1, J. 


It is worthy of note that this has been completely derived 
by the principles of this section together with Gordan’s series. 


III. Reducible transvectants in general. In the trans- 
vectants studied in (I) of this section, e.g. (6:1, f)’, the 
second form is simple, f= a”, of the first degree. It is pos- 
sible and now desirable to extend those methods of proving 
certain transvectants to be reducible to the more general case 
where both forms in the transvectants are monomials in other 
concomitants of lesser degree. 

Consider two systems of binary forms, an (A) system and 
a (B) system. Let the forms of these systems be 


(A): A,, Ag, +++, Ag, of orders a4, ag, +++, % respectively ; 
and 
(B): B,, B,, ++, By of orders 6,, b,, +++, 6, respectively. 


Suppose these forms expressed in the Aronhold symbolism 
and let 

d= AP Ay cee As, Y= BeBe eae Bi, 
Then a system (() is said to be the system derived by trans- 
vection from (A) and (B) when it includes all terms in all 
transvectants of the type 


(b, Wi (138) 
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Evidently the problem of reducibility presents itself for 
analysis immediately. For let 
p= po, p=», 
and suppose that 7 can be separated into two integers, 
(ee : 
such that the transvectants 
(p, MH), Co, v)% 


both exist and are different from zero. Then the process 
employed in proving formula (132) shows directly that 
(¢, y)? contains terms which are products of terms of (p, “)?1 
and terms of (oc, v)”, that is, contains reducible terms. 

In order to discover what transvectants of the (C) system 
contain reducible terms we employ an extension of the 
method of Paragraph (I) of this section. This may be 
adequately explained in connection with two special systems 


(A) =f, (B)=1%, 
where f is a cubic and 7 is a quadratic. Here 
CO=4 i= % 
Since f* must not contain a factor of order 2 7, we have 
8a—-—38<7 = 3a; 7=8a,8a—1, 8a—2. 


Also 
28-2 <j <28; 7=28, 28-1. 
Consistent with these conditions we have 
Ch). Ce De Cz ye Ce ee ha Gat =) Ce ee 
Gar 1) Ce a Ce: P)?, avis 
Of these, (f%, 7?)4 contains terms of the product (f, 7)? Cf, 2%, 


that is, reducible terms. Also (f?, 23)° is reducible by (f, 7)? 
Cf, 7). In the same way (f°, 7)’, --- all contain reducible 
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terms. Hence the transvectants of (C) which do not con- 
tain reducible terms are six in number, viz. 


hy (O64 O% AP), CF, 28 
The reader will find it very instructive to find for other and 
more complicated (A) and (B) systems the transvectants of 
(C’) which do not contain reducible terms. It will be found 
that the irreducible transvectants are in all cases finite in 


number. This will be proved as a theorem in the next 
chapter. 


SECTION 4. SYZYGIES 


We can prove that m is a superior limit to the number of 
functionally independent invariants and covariants of a 
single binary form f=a” of order m. The totality of in- 
dependent relations which can and do subsist among the 
quantities 


so et a Py ay as (t= 0, +++) m), Ayr Ags ys Mes M=(p-) 
are m+4innumber. These are 


/ -tyt ee r ee / u se ! he 
a, = ata, (4 = 0, 202, m0) 5 By = AyD] A MyLos Vo = AgL + MeLo3 
M = dyby — roby. 


When one eliminates. from these relations the four variables 
Ap Ag Hy My there result at most m relations. This is the 
maximum number of equations which can exist between 
Gy Bz (4.= 0, «++, MM), Hy, Zo, Tyy Vos and M. That is, if a greater 
number of relations between the latter quantities are as- 
sumed, extraneous conditions, not implied in the invariant 
problem, are imposed upon the coefficients and variables. 
But a concomitant relation 


f(a), ts a; Pi, x) = M* (ay, sey Ams 15 Xp) 


is an equation in the transformed coefficients and variables, 
the untransformed coefficients and variables and M. Hence 
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there cannot be more than m algebraically independent con- 
comitants as stated. 

Now the fundamental system of a cubic contains four con- 
comitants which are such that no one of them is a rational 
integral function of the remaining three. The present 
theory shows, however, that there must be a relation be- 
tween the four which will give one as a function of the other 
three although this function is not a rational integral func- 
tion. Sucha relation is called a syzygy (Cayley). Since the 
fundamental system of a quartic contains five members these 
must also be connected by one syzygy. We shall discover 
that the fundamental system of a quintic contains twenty- 
three members. The number of syzygies for a form of high 
order is accordingly very large. In fact it is possible to de- 
duce a complete set of syzygies for such a form in several ways, 
There is, for instance, a class of theorems on Jacobians which 
furnishes an advantageous method of constructing syzygies. 
We proceed to prove these theorems. 


I. Theorem. Jf f, 9, h are three binary forms, of respec- 
tive orders n, m, p all greater than unity, the rterated Jacobian 


((f, 9), h) is reducible. 
The three series 


fg oh as aes 
[nm pl, 


ph ae, 
flee ee ae ee 
eg ee a) 
jm p n 
(Os | 
give the respective results 
(CA 9), ') 
=(4 hb), g)+ Pot De 


Ss 
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=—((A, Di rar (hs De i rear 5 (hs Tg; 
: Cg, 2), f) : 
n — ee dee 
=((9, Ff); Bane ae 5 OF)" h mips h)*f. 


We add these equations and divide through by 2, noting 
that Cf, 9) =—(9,f), and obtain 


CA) h)= 2(m eas 22 Cos gPh+3h h)?g— oe oe 


This formula constitutes the proof of the theorem. It 
may also be proved readily by transvection and the use of 
reduction identity (101). 


a Theorem: 7) eat. = eh 0 are, four 
binary forms of orders greater than unity, then 


(e,F (9; h)= —4(e, gy Fh+4(e, h)*fg+4ch, gyeh— ACS, h)*eg. 


(135) 

We first prove two new symbolical identities. By an 
elementary rule for expanding determinants 

az aa, ag 

62 b,b, B3 


2 
Toe oS 


= — (ab) (be) (ea). 


Hence 

dz —2d,d, dj 
2 —2ee, ef 

FR —2fh, FF 


= 2(ab) (be) (ea) (de) (ef) (fa) 
(ad)? (ae)? (af)? 
=|(bd)? (be)? (Of). 
(ed)? (ce)? (of)? 


In this identity set c,= —2%, =2, fy= —% Jg=%- 


2 2 
az aa, a3 
2 2 
bf bb, 85 


2 2 
Cr 6 la 


(136) 
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Then (186) gives the identity. 


(ad)? (ae)? a2 
2(ab)(de)a,b,d,e,=|(bd)? (be)? al 


9 
aa e2 0 


(137) 


We now have 

(e,.f)(g, h) = (ab) (ed )a™1o"-1¢R- qe 
(ac)? (ad)? @ 
Chea (6d) 2 b2 
ie. d2 0 
by (187). Expanding the right-hand side we have formula 
(135) immediately. 


ae an ae — 
= 74 bn 2¢P—2 9-2 


x 9 


III. Theorem. The square of a Jacobian J =(f,g) is given 
by the formula 
ad SC foe Oo 7 A Ah ga, ae) 
This follows directly from (135) by the replacements 
Coe ole ie ae: 


IV. Syzygies for the cubic and quartic forms. In formula 
(138) let us make the replacements J= Q, f=f, g =A, 
_ where f isa cubic, Ais its Hessian, and Q is the Jacobian 
C7, 4). © then by. sable | 


S=29?+ A?+ RfA= 0. (139) 
This is the required syzygy connecting the members of the 
fundamental system of the cubic. 

Next let f, H, T, t, J be the fundamental system of a 
quartic f. Then, since T is a Jacobian, let J= 7, f=/f, 
g = H in (1388), and we have 

—27? = H8— 2(f, H)*fH+ CA, H)*f?. 
But by Table II 
(f, E)2=19, HH)? =1 2 Ff-i#). 
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Hence we obtain 
S=27?+ H?—-1fe-H +1 Sfe=0. (140) 


This is the syzygy connecting the members of the funda- 
mental system of the quartic. 

Of the twenty-three members of a system of the quintic 
nine are expressible as Jacobians (cf. Table IV, Chap. VI). 
If these are combined in pairs and substituted in (135), and 
substituted singly in (138), there result 45 syzygies of the type 
just derived. or references on this subject the reader may 
consult Meyer’s “ Bericht ueber den gegenwirtigen Stand 
der Invariantentheorie” in the Jahresbericht der Deutschen 
Mathematiker-Vereinigung for 1890-91. 


V. Syzygies derived from canonical forms. We shall prove 
that the binary cubic form, 


S = ar3 + 3 a, riz, + 8 a,7,02 + a573, 
may be reduced to the form, 
ae Gi ta 
by a linear transformation with non-vanishing modulus. In 


general a binary quantic f of order m has m +1 coefficients. 
If it is transformed by 
Ts ty = ye + My ®yy Ve = Ag, + My» 

four new quantities X,, M4, A» M, are involved in the coeffi- 
cients of f’. Hence no binary form of order m with less 
than m— 3 arbitrary coefficients can be the transformed of 
a general quantic of order m by a linear transformation. 
Any quantic of order m having just m— 3 arbitrary quanti- 
ties involved in its coefficients and which can be proved to 
be the transformed of the general form f by a linear trans- 
formation of non-vanishing modulus is called a canonical 
form of f. We proceed to reduce the cubic form f to the 
canonical form X?+ Y*. Assume 


SH age vee = Py(@y t+ yy)? + a(t Ugly P= XP + y®. (1401) 
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This requires that f be transformable into its canonical form 
by the inverse of the transformations | 
at a oy 1 
Si X= pity t Pim %, V = pir, + pjagte. 
We must now show that p,, p, «,, %, may actually be de- 
termined, and that the determination is unique. Equating 
coefficients in (140,) we have 
Pit Pe = % 

Py + Po = Ay; (1402) 

OP + OZ Py = gy 

ae Ca mth 
Hence the following matrix, JZ must be of rank 2: 


Pee: 
7 Cae S| 


M=(\1 le we Us : 
|g dy, Ag ag | 
From W= 0 result 
2,| 2 | 
if Oy oy | iy ay | 
es i es) hoe ae 

| | 
Oa Fi ey 325) 


Expanding the determinants we have 
Pa, + Qa, + Ra, = 9, 
Pa, + Qa, + fa, = 9. 
Also, evidently 
| Pee Oe he 0 1). 
Therefore our conditions will all be consistent if «,. a are 
determined as the roots, &, + &., of 
[My Ay 
ZA=\a, dg =. 
eee sta isi 
This latter determinant is evidently the Hessian of f, divided 
by 2. Thus the complete reduction of f to its canonical form 
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is accomplished by solving its Hessian covariant for the 
roots @, a, and then solving the first two equations of (140,) 
for p,, Pz. The inverse of S will then transform f into 
X*+ Y°. The determinant of S is 


D= (py + Pa)* (0 — %), 


and D+0 unless the Hessian has equal roots. Thus the 
necessary and sufficient condition in order that the canonical 
reduction be possible is that the discriminant of the Hessian 
(which is also the discriminant, F, of the cubic f) should not 
vanish. If &=0, a canonical form of fis evidently X?Y. 

Among the problems that can be solved by means of the 
canonical form are, (a) the determination of the roots of the 
cubic f= 0 from 


DCP 4 OCIA e. ary Ae. ar Ay 


w being an imaginary cube root of unity, and (6) the deter- 
mination of the syzygy among the concomitants of f. We 
now solve problem (6). From Table I, by substituting 
dy) = dg = 1, ay = a,=0, we have the fundamental system of 
the canonical form: 


D. GS Gr. © feo. C re Ge’ 


Now we may regard the original form f to be the transformed 
form of X?+ Y2 under S. Hence, since the modulus of 8 
is D, we have the four invariant relations 


tO. Gan ee Ge 
A=2 PXY, 
G2 fF), 
R=— DP. 2. 


It is an easy process to eliminate D, X, Y from these four 
equations. The result is the required syzygy: 


fPR+2Q + A3=0. 
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A general binary quartic can be reduced to the canonical 
form (Cayley) 
X*+ Y4+6mX?7Y?; 


a ternary cubic to the form (Hesse) 
X34 V34 73 4+6mXYZ. 


An elegant reduction of the binary quartic to its canonical 
form may be obtained by means of the provectant operators 
of Chapter III, § 1, V. We observe that we are to have 
identically 


F =Car yy +0%5 Og Ly, Vy) = X4 + X$+ 6 MABE, 
where 44, xX, ale linear i a, 2, : 
Ky = 2 + My, Xy = Byry + Boy. 
Let the quadratic XX, be g—(4,, Ay, A, ta, zy. Then 


) 0 
dg. X4—(A., A,, A eS ee NY 4—() y= 1, 2). 
q:- Af=(Ay Ay oo rae GQ ) 
6 mdg- X?.X2= 12-24 AA, — A?)mX,X, = 1220 X,X,. 


Equating the coefficients of x3, 7,x,, 72 in the first equation 
above, after operating on both sides he dg, we now have 


Aja, — Aya, + Aya) = AAp, 
Adz — Aya, + Apa, = 432A, 
Aa, — A,a, + A,a, = A 
Forming the eliminant of these we have an equation which 


determines dA, and therefore m, in terms of the coefficients of 
the original quartic f. This eliminant is 


A ay LR xr 
1 a 
ay Gz+4r as |=9, 
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where 2, J are the invariants of the quartic f determined in 
Chapter III, $1, V. It follows that the proposed reduction 
of f to its canonical form can be made in three ways. 

A problem which was studied by Sylvester,* the reduction 
of the binary sextic to the form 


X§ + X8+ X§+ 80 mX2X2X2, 
has been completely solved very recently by E. K. Wakeford. + 


SECTION 5. HILBERT’S THEOREM 


We shall now prove a very extraordinary theorem due to 
Hilbert on the reduction of systems of quantics, which is in 
many ways closely connected with the theory of syzygies. 
The proof here given is by Gordan. The original proof of 
Hilbert may be consulted in his memoir in the Mathematische 
Annalen, volume 36. 


I. Theorem. Jf a homogeneous algebraical function of any 
number of variables be formed according to any definite laws, 
then, although there may be an infinite number of functions F 
satisfying the conditions laid down, nevertheless a finite number 
F,. Fy, +++, F, can always be found so that any other F can be 
written in the form 


F=HA,F,+4,.F,+ +: + AF, 
where the A’s are homogeneous integral functions of the variables 
but do not necessarily satisfy the conditions for the F's. 


An illustration of the theorem is the particular theorem 
that the equation of any curve which passes through the in- 
tersections of two curves fF, = 0, #, = 0 is of the form 


f= ASP, + Ajf, = 9. 
Here the law according to which the #’s are constructed is 
that the corresponding curve shall pass through the stated 


* Cambridge and Dublin Mathematical Journal, vol. 6 (1851), p. 293. 
+t Messenger of Mathematics, vol. 43 (1913-14), p. 25. 
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intersections. ‘There are an infinite number of functions sat- 
isfying this law, all expressible as above, where A,, A, are 
homogeneous in 2,, 2%, x, but do not, as a rule, represent 
curves passing through the intersections. 

We first prove a lemma on monomials in n variables. 


LemMA. Jf a monomial aisak ... akn, where the k’s are 
positive integers, be formed so that the exponents ky, ---, /, 
satisfy prescribed conditions, then, although the number of 
products satisfying the given conditions may be infinite, never- 
theless a finite number of them can be chosen so that every other 
is divisible by one at least of this finite number. 


To first illustrate this lmma suppose that the prescribed. 
conditions are 
2h, +3k, —k, —k, =, 


41 
bp shee = thy + Tee oe 


Then monomials satisfying these conditions are 
OLED ERMA LoVgU?, LiToTAr}, »+ 
and all are divisible by at least one of the set rir3r4, 747377. 

Now if n=1, the truth of the lemma is self-evident. For 
all of any set of positive powers of one variable are divisible 
by that power which has the least exponent. Proving by 
induction, assume that the lemma is true for monomials of 
n — 1 letters and prove it true for n letters. 

Let K= 2iizks ... vin be a representative monomial of the set 
given by the prescribed conditions and let P = xpag ++ x," be 
a specific product of the set. If Ais not divisible by One 
of the numbers & must be less than the corresponding num- 
pera. Letk,<a, Then &, has one of the series of values 


0, ie 2, see Bae gS I, 


that is, the number of ways that this can occur for a single 
exponent is finite and equal to 


N= ay+ As +0" Bie 
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The cases are 


k, equals one of the series 0, 1, --., a,—1; (a, cases), 
k, equals one of the series 0, 1,---, a, —1; (a, cases), (142) 
uc. 


Now let k, = mand suppose this to be case number p of (142). 
Then the n — 1 remaining exponents egy Keg 2*0y Keys Rez yy 0°*s 
k,, satisfy definite conditions which could be obtained by 
making k, = m in the original conditions. Let 


yi — rhigks os0 Um oe. tin = sigh Eo 
be a monomial of the system for which k, = m. Then K}, 
contains only n — 1 letters and its exponents satisfy definite 
conditions which are such that 27K} satisfies the original 
conditions. Hence by hypothesis a finite number of mono- 
mials of the type Aj, say, 


le 


ap? 
exist such that all monomials Aj are divisible by at least one 


L. Hence K, =z K; is divisible by at least one Z, and so 
by at least one of the monomials 


= ues 
B11 —, Lpag Der ae ae as OF yibtes M2» — orl, 


Also all of the latter set of monomials belong to the orig- 
inal system. Thus in the case number p in (142) K is 
divisible by one of the monomials 


MY, M®, ..., Me, 
Now suppose that is not divisible by P. Then one of the 


cases (142) certainly arises and so & is always divisible by 
one of the products 


MY, Mo, tog, My: MY, Me. aches | Bis ana S229 MS, 
or else by P. Hence if the lemma holds true for monomials 


in n —1 letters, it holds true for n letters, and is true univer- 
sally. 
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We now proceed to the proof of the main theorem. Let 
the variables be 2,, ---, z, and let # be a typical function of 
the system described in the theorem. Construct an auxiliary 
system of functions » of the same variables under the law 
that a function is an 7 function when it can be written in the 


form 
n= LAF (143) 


where the A’s are integral functions rendering » homoge- 
neous, but not otherwise restricted except in that the number 
of terms in y must be finite. 

Evidently the class of 7 functions is closed with respect to 
linear operations. That is, 


By = Byn, + Boigt + =SBAFP=SA'F 


is also an 7 function. Consider now a typical 7» function. 
Let its terms be ordered in a normal order. The terms will 
be defined to be in normal order if the terms of any pair, 


S= apag weed Ha T= aig eee an, 


are ordered so that if the exponents a, 6 of S and 7’ are read 
simultaneously from left to right the term first to show an 
exponent less than the exponent in the corresponding posi- 
tion in the other term occurs farthest to the right. If the 
normal order of S, Z’is GS, 7’), then Z'is said to be of lower 
rank than S. That is, the terms of 7 are assumed to be 
arranged according to descending rank and there is a term 
of highest and one of lowest rank. By hypothesis the 7 
functions are formed according to definite laws, and hence 
their first terms satisfy definite laws relating to their expo- 
nents. By the lemma just proved we can choose a finite 
number of 7 functions, 7;, 7), °++, 7, such that the first term 
of any other 7 is divisible by the first term of at least one 
of this number. Let the first term of a definite 7 be 
divisible by the first term of n,, and let the quotient be P,. 
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Then 7 — Pym, is an y function, and its first term is of 
lower rank than the first term of 7. Let this be denoted by 


od Eases Deh) 2 i oo 


Suppose next that the first term of » is divisible by ee 
thus, 

nD ed Pm, + 72), 
and the first term of » is of lower rank than that of 7. 
Continuing, we obtain 


Vo ee 
Then the first terms of the ordered set 


(2) ee (7) ese 
; ’ 


De) ap a) 


are in normal order, and since there is a term of lowest rank 
in 7 we must have for some value of r 


7 = Py Mma 
That is, we must eventually reach a point where there is no 
n function »*” of the same order as 7 and whose first 
term is of lower rank than the first term of n™. Hence 


sf bien Ds a Teotine: a ee Depa Pane (144) 


and all y’s on the right-hand side are members of a definite 
finite set 

Le Ll epee SE 
But by the original theorem and (143), every F is itself an 
n function. Hence by (144) 


F=A,F,+ AF, + + +4,F,, (145) 


where F,(i=1,--,7) are the F functions involved linearly 
IN 145 Ng. ***5 Np Lhis proves the theorem. 


II. Linear Diophantine equations. If the conditions im- 
posed upon the exponents #& consist of a set of linear Dio- 
pbantine equations like (141), the lemma proved above shows 
that there exists a set of solutions finite in number by means 
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of which any other solution can be reduced. That is, this fact 
follows as an evident corollary. 

Let us treat this question in somewhat fuller detail by a 
direct analysis of the solutions of equations (141). The 
second member of this pair has the solutions 


hie hs ele 


C0 hl 
Cro a 
Qe 0. 20 
Gy 1st 
yee et 

ee 


(6) 


Of these the fifth is obtained by adding the first and the 
fourth; the sixth is reducible as the sum of the third and 
the fourth, and so on. The sum or difference of any two 
solutions of any such linear Diophantine equation is evi- 
dently again a solution. Thus solutions (1), (2), (8), (4) 
of kj +k, =k, +k, form the complete set of irreducible 
solutions. Moreover, combining these, we see at once that 
the general solution is 


| (1) Aa=et+ykh=t+%4,h=yt+u, k, =2+ w. 
Now substitute these values in the first equation of (141) 
2k,+3k, —k,—k, = 9. 
There results 
Saty+22=2w. 


By the trial method illustrated above we find that the irre- 
ducible solutions of the latter are 


a@=2,w=5;3 y=2,wH=1; z=l,w=1; c=1, y=1, 0=3, 


where the letters not occurring are understood to be zero. 
The general solution is here 


Cl) z=2a+d, y=2b4+4, 2z=¢, w=5a+b+e¢4+ 384d, 
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and if these be substituted in (I) we have 

k,=2a+26 +2d 

Sey aes} + e+ d 

kg=5a+3b+4+ c+4d 

ky=Sat b4+2e+3d 
Therefore the only possible irreducible simultaneous solu- 
tions of (141) are 


ky hoy ky ky 
(hoo 5 
(Qe 08 I 
Gye 1 | le 2 
(Ay 1 


But the first is the sum of solutions (3) and (4); and (4) is 
the sum of (2) and (3). Hence (2) and (38) form the com- 
plete set of irreducible solutions referred to in the corollary. 
The general solution of the pair is 


k, =20, ky =B, tg= Bath, ky=at2B. 


The corollary may now be stated thus: 


CoROLLARY. very simultaneous set of linear homogeneous 
Diophantine equations possesses a set of irreducible solutions, 
finite in number. A direct proof without reference to the 
present lemma is not difficult.* Applied to the given illus- 
tration of the above lemma on monomials the above analysis 
shows that if the prescribed conditions on the exponents are 
given by (141) then the complete system of monomials is 
given by 

ot os Pa, 
where a and 8 range through all positive integral values 
independently. Every monomial of the system is divisible 
by at least one of the set 


23 2 
U{LZL 4, VeX 3X4, 


* Elliott, Algebra of Quantics, Chapter IX. 
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which corresponds to the irreducible solutions of the pair 


C41), 


III. Finiteness of a system of syzygies. A syzygy S 
among the members of a fundamental system of concomitants 


of a form (ef. (140)) f, 
EY Rae ee re 


is a polynomial in the Z’s formed according to the law that 
it will vanish identically when the JZ’s are expressed ex- 
plicity in terms of the coefficients and variables of f. The 
totality of syzygies, therefore, is a system of polynomials 
(in the invariants J) to which Hilbert’s theorem applies. It 
therefore follows at once that there exists a finite number of 


syzy gies, 
Sis a rt S., 


v 


such that any other syzygy S is expressible in the form 

S= CS, + CS, + + + OS,. (146) 
Moreover the @’s, being also polynomials in the J’s are 
themselves invariants of f. Hence 


THEOREM. The number of irreducible syzygies among the 
concomitants of a form f as finite, in the sense indicated by 


equation (146). 


SECTION 6. JORDAN’S LEMMA 


Many reduction problems in the theory of forms depend for 
their solution upon a lemma due to Jordan which may be 
stated as follows: 


LEMMA. Jf u,+uU, + uz = 9, then any product of powers of 
Uy, Uy, Ug Of order n can be expressed linearly in terms of such 
products as contain one exponent equal to or greater than }n. 

We shall obtain this result as a special case of a consider- 
ably more general result embodied in a theorem on the 
representation of a binary form in terms of other binary 
forms. 
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I. Theorem. Jf a,, b,, ¢,, ++» are r distinct linear forms, and 
A, B, C, ++ are binary forms of the respective orders a, B, y, ++ 
where 

a+Br+yte-. =n—r+l, 
then any binary form f of order n can be expressed in the form 


J= a," A + 059 B + Ol C+ -.., 
and the expression is unique. 
As an explicit illustration of this theorem we cite the 
casen=3,r=2. Thene+ B=2,e= B=1. 


SF = 4 (Poo%y + Port) + 52 (Prot + Pure): Cr, 
Since f, a binary cubic, contains four coefficients it is evi- 
dent that this relation (147) gives four linear nonhomo- 
geneous equations for the determination of the four unknowns 
Poo Pov Pip Pur hus the theorem is true for this case pro- 
vided the determinant representing the consistency of these 
linear equations does not. vanish. Let a, =a,2, + ag%%., 
6, =b,2,+6,7,, and D=a,b,—a,b,. Then the aforesaid 
determinant is 


ay 0) b2 0 
24,4, a2 2 Gila Ue 
ae 2a,a, 63 2 b,b, 
0 az ) b3 


This equals Dt, and D+0 on account of the hypothesis 
that a, and b, are distinct. Hence the theorem is here true. 
In addition to this we can solve for the p, and thus deter- 
mine A, B explicitly. In the general case the number of 
unknown coefficients on the right is 


a+ B+yt+ eee +r=n+1. 


Hence the theorem itself may be proved by constructing the 
corresponding consistency determinant in the general case ; * 
but it is perhaps more instructive to proceed as follows : 


* Cf. Transactions Amer. Math. Society, Vol. 15 (1914), p. 80. 
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It is impossible to find r binary forms A, B, C, --» of orders 


a, B, y, «++ where 
a+P+yt-+-=n—rt+l, 


such that, identically, 
HA res oe Oa... =. 


In fact suppose that such an identity exists. Then operate 
upon both sides of this relation «+ 1 times with 


0 0 
A=a,——a,— (4@,=4,2,+a52,). 
ape tag ( 121 + MX) 


Let a be any form of order n and take a,=0. Then 


og ate og n—a—] 
A = kay + Jo) 
ee a— aes Pa ae on se aa Rake el 
fowee H em io Se a— M 


where the &’s are numerical. Hence A**!g” cannot vanish 
identically in case a,=0, and therefore not in the general 
case @,+ J, except when the last n — « coefficients of g” vanish: 
that is, unless g” contains a”-* as a factor. Hence 


A) B= bt--8-1Bl 4 on a-y-1 (4 


where B’, C’ are of orders B, y, --» respectively. Now 
A**'F is an expression of the same type as F, with r changed 
into r — 1 and n into n — « — 1, as is verified by the equation 


Byte =m—ea—-1)-(r-14+1=n-r4l—-a. 


Thus if there is no such relation as H=0 for r—1 linear 
forms a,, 6,, +--+, there certainly are none for 7 linear forms. 
But there is no relation for one form (r=1) save in the 
vacuous case (naturally excluded) where A vanishes identi- 
cally. Hence by induction the theorem is true for all values 
Ola. 

Now a count of coefficients shows at once that any binary 
form f of order n can be expressed linearly in terms of n+ 1 


122 THE THEORY OF INVARIANTS 


binary forms of the same order. Hence f is expressible in 


the form 
f= at *At AB + ID + on, 


That the expression is unique is evident. For if two such 
were possible, their difference would be an identically vanish- 
ing expression of the type #= 0, and, as just proved, none 
such exist. This proves the theorem. 


II. Jordan’s lemma. Proceeding to the proof of the 
lemma, let uw, = — (uv, + Uy), Supposing that u,, u, replace the 
variables in the Theorem I just proved. Then w,, u,, wu, are 
three linear forms and the Theorem I applies with 7= 3, 
a+B+y=n—2. Hence any homogeneous expression f in 
Uy» Ug, Uz can be expressed in the form 


ut "A + ug 2 B+ ug, 
or, if we make the interchanges 


ee n—B eee 


Xr v p 
in the form WA +UbB+ upc, (148) 
where A+ pe+tv=2n+4+2. (149) 


Again integers A, uw, vy may always be chosen such that (149) 
is satisfied and 
AL Bn, wr dn, van. 


Hence Jordan’s lemma is proved. 
A case of three linear forms u; for which u, + ug +u, = 0 
is furnished by the identity 


(ab)c,+(be)a, + (ca)b, = 9. 
If we express A in (148) in terms of w,, wu. by means of 
U, + Us, + Uz = 0, B in terms of wu, uz, and C in terms of ug, %, 
we have the conclusion that any product of order n of (ab)e,, 
(be)a,, (ca)b, can be expressed linearly in terms of 
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(ab), (ab) 1(be) cla, (ab)*-2(be) 2c" 202, «.., 
(ab )*(be)" era, 


(be)"an, (bc)""1(ca)a2—b,, (be)”-2( ea) 2a®-262, -.-, 
(Ge) Fea \eatarht-e, (150) 


(ea)"b%, (ea)"-1(ab)b-1¢.,, (ca)”-2(ab)26"-2¢2, ..., 
Cea yr Cab ef bree 


Wi, 


where AP Fn, wo Zen, vy Zen. 

It should be carefully noted for future reference that this 
monomial of order » in the three expressions (ab)e,, (6c)4a,, 
(ca), is thus expressed linearly in terms of symbolical 
products in which there is always present a power of a deter- 
minant of type (ab) equal to or greater than Zn. The 
weight of the coefficient of the leading term of a covariant is 
equal to the number of determinant factors of the type (ad) 
in its symbolical expression. Therefore (150) shows that if 
this weight w of a covariant of f does not exceed the order of 
the form f all covariants having leading coefficients of weight 
w and degree 3 can be expressed linearly in terms of those of 
grade not less than 2w. ‘The same conclusion is easily shown 
to hold for covariants of arbitrary weight. 


SECTION 7. GRADE 


The process of finding fundamental systems by passing 
step by step from those members of one degree to those of the 
next higher degree, illustrated in Section 3 of this chapter, 
although capable of being applied successfully to the forms 
of the first four orders fails for the higher orders on account 
of its complexity. In fact the fundamental system of the 
quintic contains an invariant of degree 18 and consequently 
_ there would be at least eighteen successive steps in the process. 
As a proof of the finiteness of the fundamental system of a 
form of order n the process fails for the same reason. That is, 
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it is impossible to tell whether the system will be found after 
a finite number of steps or not. 

In the next chapter we shall develop an analogous process 
in which it is proved that the fundamental system will result 
after a finite number of steps. This is a process of passing 
from the members of a given grade to those of the next 
higher grade. 


I. Definition. The highest index of any determinant factor 
of the type (ab) in a monomial symbolical concomitant is 
called the grade of that concomitant. Thus (ab)4(ac)?b2c4 is 
of grade 4. The terms of covariants (84), (87) are each of 
grade 2. 

Whereas there is no upper limit to the degree of a con- 
comitant of a form f of order n, it is evident that the maximum 
grade is n by the theory of the Aronhold symbolism. Hence 
if we can fmd a method of passing from all members of the 
fundamental system of f of one grade to all those of the next 
higher grade, this will prove the finiteness of the system, 
since there would only be a finite number of steps in this 
process. This is the plan of the proof of Gordan’s theorem 
in the next chapter. 


II. Theorem. very covariant of a single form f of odd 
grade 2 — 1 can be transformed into an equivalent covariant of 
the next higher even grade 22. 

We prove, more explicitly, that if a symbolical product 
contains a factor (ab)*—' it can be transformed so as to be 
expressed in terms of products each containing the factor 
(ab)**. Let A be the product. Then by the principles of 
Section 2 A is a term of 


(Cab)? lanti-2rgntt-20, yy, 
Hence by Theorem III of Section 2. 


A pit (Cab) att Natt p)y 
+ SK (ab)? “lant 2agnti-, hb), (151) 
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where 9’ < y and ¢ is a concomitant derived from ¢ by con- 
volution, A being numerical. Now the symbols are equiva- 
lent. lence 


w — CAD Ne a en ek eoeaaeee Ce) ee ees nes 0 
x oe . 


Hence all transvectants on the right-hand side of (151), in 
which no convolution in W occurs, vanish, All remaining 
terms contain the symbolical factor (ab)**, which was to be 
proved. 


DEFINITION. A terminology borrowed from the theory 
of numbers will now be introduced. A symbolical product, 
A, which contains the factor (ab)” is said to be congruent to 
zero modulo (ab)’ ; 

A=0 (mod (ab)’). 
Thus the covariant (84) 
CO = 4(ab)*(ba)?a2a, + 2(ab)?(aa) (ba) a,b ,6, 
gives C = 2(ab)?(ac) (ba)a,b,0,(mod (ba)*). 


III. Theorem. very covariant of f =ar=U,= +++ which is 
obtainable as a covariant of (f, f)* = gin "= (aby tanta th 
(Chap. II, § 4) zs congruent to any PRs one of its own terms 


modulo (ab )***", 
The form of such a concomitant monomial in the g sym- 


bols is A= (Gy9o)”(G199)9 0° BJS 0" 
Proceeding by the method of Section 2 of this chapter change 
g, into y3 i.e. 9447=Yo Jy= —Y1 Then A becomes a form of 


Order 27 Ae In yy win ee — BY = +e, Moreover 


A= Coe iy —4k\2n—4k Cae he 1D) wall seine Osea race 


by the standard method of transvection. Now this transvec- 
tant A is free from y. Hence there are among its terms ex- 
pressed in the symbols of f only two types of adjacent terms, 
Wiz. (Cl. 9 2, Ll) 

(da)(eb) P, (db)(ea) P. 
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The difference between A and one of its terms can therefore 
be arranged as a succession of differences of adjacent terms 
of these two types and since P involves (ab)* any such dif- 
ference is congruent to zero modulo (ad)**+!, which proves 
the theorem. 


IV. Theorem. Jfn=>4h, any covariant of the covariant 
CO bapa ace c ab D al asad ie 


as expressible in the form 


n n n 


> On. + (ab)? (6c)? Cea T, (152) 


where Cy... represents a covariant of grade 2k + 1 at least, the 
second term being absent (I = 0) af n ws odd. 


Every covariant of g?"* of a stated degree is expressible 


as a linear combination of transvectants of g?"" with covari- 
ants of the next lower degree (cf. §2, III). Hence the 
theorem will be true if proved for 7=(g%*, g7-*)-, the 
covariants of second degree of this form. By the fore- 
going theorem 7’ is congruent to any one of its own terms 
mod (ab)***1, Hence if we prove the present theorem for a 
stated term of 7, the conclusion will follow. In order to 
select a term from 7 we first find 7 by the standard trans- 
vection process (cf. Chap. III, § 2). We have after writing 


s=n-— 2k for brevity, and a{bs = a% 


4 \¢ 


o*’) 

Te) eta e o—t ,2s—o 

T= (aby (ody, SL es tdi. (ca) (da)ais*. (158) 
a o 

Now the terms of this expression involving a may be obtained 

by polarizing «2 t times with respect to y, o—¢t times with 


respect to z, and changing y into ¢ and z into d. Perform- 
ing these operations upon a’bs we obtain for 7, 
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a0 ¢t o—t 


1 => DD Ku ady*(ed)"(aey"(ady*(bey"(bdye* 
tA) u=—0 v=0 
4 Cet Ue ee (154) 


where K;,,, is numerical. Evidently o is even. 
We select as a representative term the one for which t =o, 
Co. 
This is 
dh pa Cab AUC). (Ca Oh eas cn eos) 
Assume n=4k. Then by Section 6, 
vv ies (abt he) lca as be eee 
can be expressed in terms of covariants whose grade is 


greater than 2k unlesso=2k= . Also in the latter case 


vy is the invariant 
Le 
2 


= (ab)*(be) "(ca 
It will be seen at once that n must then be divisible by 4. 
Next we transform ¢ by (ed)a, =(ad)e, —(ac)d,. The re- 
sult is 
cach A : ; . 
g! ie S| ; ) (ab) "(be)" (0a)*(ad "Fan Hbx- Beene, 
i=0 4 


(1) Nowif o>k, we have from Section 6 that ¢ is of grade 
>#2-3k, ie. > 2k, or else contains (ab)?(bc)?(ca)’, ie. 


b = [Oy + (ab)*(be)*(cay'T. (155) 
(II) Suppose then o<k. Then in @’, since 7= 2k has 
been treated under y above, we have either 
(ya Ze, 
or (6) 2k—1t>k. 
In case (a) (155) follows directly from Section 6. In case 


(6) the same conclusion follows from the argument in (1). 
Hence the theorem is proved. 


CHAPTER -V 
GORDAN’S THEOREM 


WE are now in position to prove the celebrated theorem 


‘that every concomitant of a binary form fis expressible as a 


rational and integral algebraical function of a definite finite 
set of the concomitants of f. Gordan was the first to ac- 
complish the proof of this theorem (1868), and for this rea- 
son it has been called Gordan’s theorem. Unsuccessful 
attempts to prove the theorem had been made before Gordan’s 
proof was announced. | 

The sequence of introductory lemmas, which are proved 
below, is that which was first given by Gordan in his third 
proof (cf. Vorlesungen tiber Invariantentheorie, Vol. 2, 
part 3).* The proof of the theorem itself is somewhat 
simpler than the original proof. This simplification has been 
accomplished by the theorems resulting from Jordan’s lemma, 
given in the preceding chapter. 


SECTION 1. PROOF OF THE THEOREM 
We proceed to the proof of a series of introductory lemmas 


followed by the finiteness proof. 


I. Lemmal. Jf (A): A,, Ag, +++, A; is a system of binary 
forms of respective orders ay, dg, +++, a, and (B): By, B, -+, 
B,, a system of respective orders b,, by, +++, b,, and uf 


b= AVA? ... A%, w= BRBP... Bh 


* Cf. Grace and Young; Algebra of Invariants (1903). 
128 
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denote any two products for which the «ws and the 9's are all 
positive integers (or zero), then the number of transvectants of 


the type of Se 


which do not contain reducible terms is finite. 


To prove this, assume that any term of t contains p sym- 
bols of the forms A not in second order determinant com- 
binations with a symbol of the B forms, and o symbols of the 
Bs not in combination with a symbol of the A’s. Then 
evidently we have for the total number of symbols in this 
term, from (A) and (B) respectively, 


Ay hy + Agila + +++ + = P+); 

6B, + O98, + ++ +O 8,= 6+ J. 
To each positive integral solution of the equations (156), 
considered as equations in the quantities «, 8, p, 0,7, will 
correspond definite products ¢, y and a definite index y, and 
hence a definite transvectant 7. But as was proved (Chap. 
IV, § 3, ID), if the solution corresponding to (¢, y) is the 
sum of those corresponding to (¢,, W,)1 and (dy, Ww.) then 
t certainly contains reducible terms. In other words trans- 
vectants corresponding to reducible solutions contain re- 
ducible terms. But the number of irreducible solutions of 
(156) is finite (Chap. IV, § 5, I1). Hence the number of 
transvectants of the type 7 which do not contain reducible 
terms is finite. A method of finding the irreducible trans- 
vectants was given in Section 8, III of the preceding 
chapter. 

DeFINITIONS. A system of forms (A) is said to be com- 
plete when any expression derived by convolution from a 
product @ of powers of the forms (A) is itself a rational 
integral function of the forms (A). 

A system (A) will be called relatively complete for the 
modulus G consisting of the product of a number of sym- 
bolical determinants when any expression derived by con- 


(156) 


<> 
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volution from a product ¢ is a rational integral function of 
the forms (A) together with terms containing G as a factor. 
As an illustration of these definitions we may observe that 
f= a=, A=(ab)?a,b,, Q =(ab)*(ca)b,c2, | 
R =(ab)?(ed)*(ac) (bd) 
is a complete system. For it is the fundamental system of 
a cubic f, and hence any expression derived by convolution 
from a product of powers of these four concomitants is a 
rational integral function of f, A, Q, R. 
Again f itself forms a system relatively complete mod- 
ulo (ab )?. 


DEFINITION. <A system (A) is said to be relatively com- 
plete for the set of moduli G,, Gi, +++» when any expression 
derived from a product of powers of A forms by convolution 
is a rational integral function of A forms together with 
terms containing at least one of the moduli G,, G,, --- asa 


factor. 
In illustration it can be proved (cf. Chap. IV, § 7, IV) 
that in the complete system derived for the quartic 


H = (ab )*a2b2, 


any expression derived by convolution from a power of H 
is rational and integral in H and 


Gi=(ab)*, G, = (bc)*(ea)7*ab)* 
Thus # is a system which is relatively complete with regard 
to the two moduli 
G, =(ab)*, G, =(be)*(0ca)?(ab)?. 
Evidently a complete system is also relatively complete 


for any set of moduli. We call such a system absolutely 
complete. 


DEFINITIONS. The system (C’) derived by transvection 
from the systems (A), (#8) contains an infinite number of 
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forms. Nevertheless (C’) is called a finite system when all 
its members are expressible as rational integral algebraic 
functions of a finite number of them. 

The system (C) is called relatively finite with respect to a set 
of moduli G,, Gy, ++» when every form of (C’) is expressible 
as a rational integral algebraic function of a finite number of 
the forms (C’) together with terms containing at least one of 
the moduli G,, G,, --- as a factor. 

The system of all concomitants of a cubic f is absolutely 
finite, since every concomitant is expressible rationally and 
integrally in terms of f, A, Q, &. 


II. Lemma 2. Jf the systems (A), (B) are both finite and 
complete, then the system (C’) derived from them by transvec- 
tion is finite and complete. 

We first prove that the system (C’) is finite. Let us first 
arrange the transvectants 


gee (d, wy 
in an ordered array 
Ris Tan 7 ete 2s (157) 


the process of ordering being defined as follows : 

(a) Transvectants are arranged in order of ascending 
total degree of the product dy in the coetticients of the 
forms in the two systems (A), (B). 

(6) Transvectants for which the total degree is the same 
are arranged in order of ascending indices 7; and further 
than this the order is immaterial. 

Now let ¢, t’ be any two terms of 7. Then 


(t=, Hy Ci <J), 
where ¢ is a form derived by convolution from ¢. But by 


hypothesis (A), (B) are complete systems. Hence d, w are 
rational and integral in the forms A, B respectively, 


$ = F(A), $= G@(B). 
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Therefore (¢, Ww) can be expressed in terms of transvec- 
tants of the type 7 (t.e. belonging to (C’)) of index less 
than j and hence coming before + in the ordered array 
(157). Butif we assume that the forms of (C’) derived from 
all transvectants before 7 can be expressed rationally and 
integrally in terms of a finite number of the forms of ((), 


Cec 
then all C’s up to and including those derived from 
C= 
can be expressed in terms of 


Ce Care Cae 
» “3 


But if 7 contains a reducible term ¢ = ¢,t,, then since t,, ¢, 
must both arise from transvectants before 7 in the ordered 
array no term ¢ need be added and all C’s up to and includ- 
ing those derived from 7 are expressible in terms of 


Cy Oe igi kin G.. 


Thus in building by this procedure a system of C’s in 
terms of which all forms of (C’) can be expressed we need to 
~add a new member only when we come to a transvectant in 
(157) which contains no reducible term. But the number 
of such transvectants in (C’) is finite. Hence, a finite num- 
ber of C’s can be chosen such that every other is a rational 
function of these. 

The proof that (C) is finite is now finished, but we may 
note that a set of (’s in terms of which all others are expres- 
sible may be chosen in various ways, since ¢ in the above is 
any term of 7. Moreover since the difference between any 
two terms of 7 is expressible in terms of transvectants be- 
fore t in the ordered array we may choose instead of a 
single term ¢ of an irreducible 7t = (¢, )’, an aggregate of 
any number of terms or even the whole transvectant and it 
will remain true that every form of (C’) can be expressed as 
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a rational integral algebraic function of the members of the 
finite system so chosen. 

We next prove that the finite system constructed as above 
is complete. 


Let GPs OR eter oie 


be the finite system. Then we are to prove that any ex- 
pression X derived by convolution from 


A= Cn Ox eee On 


is a rational integral algebraic function of Cj, ---, C,. Assume 
that X contains p second-order determinant factors in which 
a symbol from an (4) form is in combination with a symbol 
belonging to a (B) form. 

Then X is a term of a transvectant (4, by, where ¢ con- 
tains symbols from system (A) only, and y contains symbols 
from (B) only. Then ¢@ must be derivable by convolution 
from a product ¢ of the A’s and ¥ from a product » of B 
forms. Moreover 


—  XS=GWyPr+i wr” ©! <p), 
and @, having been derived by convolution from ¢, ¥, 
respectively, are ultimately so derivable from ¢, y. But 


= F(A), p= G(B), 
and so X is expressed as an Saclay aes of transvectants of the 
type of 
TOs) 
But it was proved above that every term of 7 is a rational 
integral function of 
Gee ere 


Hence X is such a function; which was to be proved. 


III. Lemma 3. Jf a finite system of forms (A), all the 
members of which are covariants of a binary form f, includes f 
and is relatively complete for the modulus G'; and if, in addi- 
tion, a finite system (B) is relatively complete for the modulus 
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G and includes one form B, whose only determinantal factors 
are those constituting G', then the system (C) derived by 
transvection from (A) and (B) is relatively finite and complete 
for the modulus G. 

In order to illustrate this lemma before proving it let (A) 
consist of one form f= a3 = ---, and (B) of two forms 


A =(ab)*a,b,, R =(ab)*(ac) (6d) (ed). 
Then (A) is relatively complete for the modulus G’ =(adb)?. 
Also B is absolutely complete, for it is the fundamental 
system of the Hessian of f. Hence the lemma states that 


(C’) should be absolutely complete. This is obvious. For 
(C’) consists of the fundamental system of the cubic, 


Sf, A, Q, &, 
and other covariants of f. 
We divide the proof of the lemma into two parts. 
Part 1. First, we prove the fact that ¢f P be an expression 
derived by convolution from a power of f, then any term, t, of 
a =(P, W)' can be expressed as an aggregate of transvectants 


of the type 
as, (d, Wr), 


in which the degree of @ is at most equal to the degree of P. 
Here ¢@ and w are products of powers of forms (A), (B) 
respectively, and by the statement of the lemma (A) con- 
tains only covariants of f and includes f itself. 

This fact is evident when the degree of P is zero. To 
establish an inductive proof we assume it true when the 
degree of P is <r and note that 


t=(P, p+ =P, wy @< t), 
and, inasmuch as P and P are derived by convolution from 
a power of f, 
P=F(A)+@ V= F(A) (mod G’), 
P= F'(A)+@Y'= F(A) (mod G’). 
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Also v= ®(B) + GZ=8(B) (mod @). 
Hence ¢ contains terms of three types (a), (4), (ce). 

(a) Transvectants of the type (F(A), ®(B))*, the degree 
of #(.A) being 7, the degree of P. 

(6) Transvectants of type (GY, ~)*, GY being of the 
same degree as P. 

(ce) Terms congruent to zero modulo G. 

Now for (a) the fact to be proved is obvious. For (6), 
we note that G’Y can be derived by convolution from B,f’, 
where s <r. Hence any term of (G7 Y, y)* can be derived 
by convolution from B, fr and is expressible in the form 


=(P', Byp), 


where P’ is derived by convolution from f* and is of degree 
<r. But by hypothesis every term in these latter transvec- 
tants 1s expressible as an aggregate 


= =(¢, +)? (modulo @), 


inasmuch as 


By = ©(B) (modulo @). 
But in this (¢, ~)' ¢ is of degree <¢ s<r. Hence 
t= =(¢, v)’ (mod G), 


and the desired inductive proof is established. 
As a corollary to the fact just proved we note that af P 
contain the factor G', then any term in 


(ae) 


can be expressed in the form 


=, W's Caste 


where the degree of $ is less than that of P. 

Part 2. We now present the second part of the proof of 
the original lemma, and first to prove that (C) is relatively 
finite modulo G. 
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We postulate that the transvectants of the system (() 
are arranged in an ordered array defined as follows by 


(a), (6), (¢): 
(a) The transvectants of (C’) shall be arranged in order of 
ascending degree of dy, assuming the transvectants to be of 


the type r = (¢, yp)’. 

(6) Those for which the degree of dy is the same shall be 
arranged in order of ascending degree of @. 

(ec) Transvectants for which both degrees are the same 
shall be arranged in order of ascending index y; and further 
than this the ordering is immaterial. 

Let t, t’ be any two terms of r. Then 


—t=3(d, wp) Ci < J). 
Also by the hypotheses of the lemma 
= F(A) + GY, 
v= ©(B)+ GZ. 
Hence , 
t}—-t= CPA), ®(B))' + =CHY, BCB))* (mod &). 


Now transvectants of the type (#(A), ®(B))’ belong 
before 7 in the ordered array since 7’ < 7 and the degree of 
F(A) is the same as that of ¢?. Again (G’/Y, ®CB))’ can 
by the above corollary (158) be expressed in the form | 


=(G', Wy’, 
where the degree of ¢’ is less than that of GY and hence 
less than that of ¢. 
Consequently ¢’ — t can be written 
t!—t==(", pw") +29’, w’)* (mod &), 
where the degree of $/’ is the same as that of ¢ and where 


j' <j, and where the degree of ¢’ is less than that of ¢. 
Therefore if all terms of transvectants coming before 


T= (g, H)! 
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in the ordered array are expressible rationally and integrally 
in terms of 


C Of er ok Ce 


q 


except for terms congruent to zero modulo G, then all terms 
of transvectants up to and including t can be so expressed 
in terms of 


ClG 6. & 


where ¢ is any term of 7. Asin the proof of lemma 2, if + 
contains a reducible term t=¢,t,, t does not need to be 
added to 

Oa 0. 


q 


since then ¢,, ¢, are terms of transvectants coming before rt 
in the ordered array. Hence, in building up the system of 
O’s in terms of which all forms of (() are rationally ex- 
pressible modulo G, by proceeding from one transvectant 7 
to the next in the array, we add a new member to the sys- 
tem only when we come to a transvectant containing no 
reducible term. But the number of such irreducible trans- 
vectants in (C) is finite. Hence (C) is relatively finite 
modulo G. Note that (Cj, ++, C, may be chosen by select- 
ing one term from each irreducible transvectant in (C). 

Finally we prove that (C) is relatively complete modulo 
G. Any term X derived by convolution from 


—— Crore tee Ca, 
is a term of a transvectant (¢, y)?, where, as previously, 


p 
is derived by convolution from a product of A forms and 
from a product of B forms. Then 


sy) Ca ae 


That is, X is an aggregate of transvectants (¢, ~)’, 6=P 
can be derived by convolution from a power of f, and 


ir = OB) (mod G). 
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Thus, X= =(P, ®(B))* (mod @) 

= (P, ~)’ mod 4) 

= =(¢, »)’ (mod G) 
where ¢ is of degree not greater than the degree of P, by 
the first part of the proof. But all transvectants of the last 
type are expressible as rational integral functions of a finite 
number of C’s modulo G. Hence the system (() is relatively 
complete, as well as finite, modulo G. 


CoROLLARY 1. If the system (B) is absolutely complete 
then (C) is absolutely complete. 


CoROLLARY 2. If (B) is relatively complete for two 
moduli G,, G, and contains a form whose only determi- 
nantal factors are those constituting G’, then the system (C’) 
is relatively complete for the two moduli G,, G,. 


IV. Theorem. The system of all concomitants of a binary 
form f = a = --- of order n is finite. 

The proof of this theorem can now be readily accomplished 
in view of the theorems in Paragraphs III, 1V of Chapter IV, 
Section 7, and lemma 3 just proved. 

The system consisting of f itself is relatively complete 
modulo (a6)?. It is a finite system also, and hence it satis- 
fies the hypotheses regarding (A) in lemma 8. This system 
(A)=f may then be used to start an inductive proof con- 
cerning systems satisfying lemma 3. That is we assume 
that we know a finite system A,_, which consists entirely of 
covariants of f, which includes f, and which is relatively 
complete modulo (ab)**, Since every covariant of f can be 
derived from f by convolution it is a rational integral func- 
tion of the forms in A,_, except for terms involving the 
factor (ab)*. We then seek to construct a subsidiary finite 
system B,_, which includes one form B, whose only deter- 
minant factors are (ab)** = G', and which is relatively com- 
plete modulo (ab)**?=G. Then the system derived by 
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transvection from A,_, and B,_, will be relatively finite and 
complete modulo (ab)***. That is, it will be the system .A,. 
This procedure, then, will establish completely an inductive 
process by which we construct the system concomitants of f 
relatively finite and complete modulo (ab)**? from the set 
finite and complete modulo (aé)**, and since the maximum 
grade is m we obtain by a finite number of steps an abso- 
lutely finite and complete system of concomitants of f. Thus 
the finiteness of the system of all concomitants of f will be 
proved. 

Now in view of the theorems quoted above the subsidiary 
system ,_; is easily constructed, and is comparatively 
simple. We select for the form B, of the lemma 


= (ab) "an OE = hy. 


Next we set apart for separate consideration the case (c) 
n=4k. The remaining cases are (a)n>4h, and (6)n<4k. 

(a) By Theorem IV of Section 7 in the preceding chapter 
if n>4 any form derived by convolution from a power of 
h, is of grade 2k +1 at least and hence can be transformed 
so as to be of grade 24+ 2 (Chap. IV, §7, 11). Hence h, 
itself forms a system which is relatively finite and complete 
modulo (ab)**? and is the system B,_, required. 

(6) Ifn<4hk then fh, is of order less than n. But in the 
problem of constructing fundamental systems we may pro- 
ceed from the forms of lower degree to those of the higher. 
Hence we may assume that the fundamental system of any 
form of order <n is known. Hence in this case (6) we 
know the fundamental system of ,. But by III of Chapter 
IV, Section 7 any concomitant of h, is congruent to any one 
of this concomitant’s own terms modulo (ab)***!. Hence if 
we select one term from each member of the known funda- 
mental system of A, we have a system which is relatively 
finite and complete modulo (ad)***; that is, the required 
system B,_). 
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(c) Next consider the casen=4k. Here by Section 7, IV 
of the preceding chapter the system B,_, = ), is relatively 
finite and complete with respect to two moduli 


G, = (ab), Gy = (ad)*(be)*(ca)*, 


and G, is an invariant of f. Thus by corollary 2 of lemma 3 
the system, as C,, derived by transvection from A,_, and 
B,_, is relatively finiteand complete with respect to the two 
modul: G,,’G,. . Hence, if C, represents any form of the 
system C;, obtained from a form of C, by convolution, 


C, = F,(C,) + GP, (mod (ab)***). 


Here P, is a covariant of degree less than the degree of (,,. 
Hence P, may be derived by convolution from f, and so 


P,=F,(C,) + GP, (mod (ab)**"*), 


and then P, is a covariant of degree less than the degree of 
P,. By repetitions of this process we finally express C{, as-a 
polynomial in 


Gy = (ab)* (be) (ea)*, 


whose coefficients are all covariants of f belonging to C,, 
together with terms containing G, = (ab)***’ as a factor, 2.e. 


O, = F,(C,) + GF, (C,) + GRFC.) + + + GF, CC.) 
(mod G,). 


Hence if we adjoin G, to the system C, we have a system 
A, which is relatively finite and complete modulo (ab)***. 

Therefore in all cases (a), (6), (¢) we have been able to 
construct a system A, relatively finite and complete modulo 
(ab)2**2 from the system A,_, relatively finite and complete 
modulo (ab)?*. Since A, evidently consists of f itself the 
required induction is complete. 

Finally, consider what the circumstances will be when we 
come to the end of the sequence of moduli 


(ab)*, (ab)*, (ab)®, «+. 
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If n is even, n = 2g, the system A,_, is relatively finite and 
complete modulo (ab)””= (ab). The system B,_, consists 
of the invariant (ab)" and hence is absolutely finite and 
complete. Hence, since A, is absolutely finite and complete, 
the irreducible transvectants of A, constitute the funda- 
mental system of f. Moreover A, consists of A,_, and the 
invariant (ab)”. 

If n is odd, n= 2g+1, then A,_, contains f and is rela- 
tively finite and complete modulo (ab). The system B,_, 
is here the fundamental system of the quadratic (ab)2a,b 


e.g. 


x 


B,_, = ( (ab )#a,b,, (ab)#(ac) (bd) (ed)9}. 


This system is relatively finite and complete modulo (aé)29*1. 
But this modulus is zero since the symbols are equivalent. 
Hence B,_, is absolutely finite and complete and by lemma 
3 A, will be absolutely finite and complete. Then the set 
of irreducible transvectants in A, is the fundamental system 
of f. | 


Gordan’s theorem has now been proved. 


SECTION 2. FUNDAMENTAL SYSTEMS OF THE CUBIC 
AND QUARTIC BY THE GORDAN PROCESS 


It will now be clear that the proof in the preceding section 
not only establishes the existence of a finite fundamental 
system of concomitants of a binary form f of order n, but it 
also provides an inductive procedure by which this system 
may be constructed. 


I. System of the cubic. For illustration let n = 3, 
sj ae. — 63 se ceretern 


The system A, is f itself. The system B, is the fundamental 
system of the single form 


je eae 
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since h, is of order less than 8. That is, 
B, ={(ab)?a,b,, D} 
where JD is the discriminant of h,. Then A, is the system 
of transvectants of the type of 
T= Ce as DY), 
But B, is absolutely finite and complete. Hence <A, is also. 
Now D belongs to this system, being given by a= B=) 
=0,y=1. If 7 > 0 then 7 is reducible unless y = 0, since 
D isan invariant. Hence, we have to consider which trans- 


vectants 
T= (f%, Afy 


are irreducible. But in Chapter IV, Section 3 II, we have 
proved that the only one of these transvectants which is ir- 
reducible is @ = Cf, 4,). Hence, the irreducible members 


of A, consist of 
A, a a h,, Q, bE 
or in the notation previously introduced, 
A,= BE a, Q, fh}. 


But B, is absolutely complete and finite. Hence these 
irreducible forms of A, constitute the fundamental system 


of f. 
II. System of the quartic. Let f=at= 64=.... Then 
A, ={f}. Here B, is the single form 
hy pas (ab)?a2b?2, 


and B, is relatively finite and complete (modd (ab), 
(ab)*(be)*(ca)*). The system (C, of transvectants 


T= (f%, hhy 
is relatively finite and complete (modd (ab)4, (ab)?(be)?(ea)?). 


In 7 if 7 >1, 7 contains a term with the factor (ab)?(ac)? 
which is congruent to zero with respect to the two moduli. 
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Hence yj = 1, and by the theory of reducible transvectants 
(Chap. IV, § 3, ITT) 
4a—4<j 4a, 


ora@=1,8=1. The members of C, which are irreducible 
with respect to the two moduli are therefore 


aa (ee 
Then A, = hi 70s J — a ey ea 


Next B, consists of «= (ab)* and is absolutely complete. 
Hence, writing h, = H, (f, h,)= T, the fundamental system 
of f is | 

Sf, A, T, i, J. 


CHAPTER VI ; 
FUNDAMENTAL SYSTEMS 


In this chapter we shall develop, by the methods and pro- 
cesses of preceding chapters, typical fundamental systems 
of concomitants of single forms and of sets of forms. 


SECTION 1. SIMULTANEOUS SYSTEMS 


In Chapter V, Section 1, II, it has been proved that if a 
system of forms (A) is both finite and complete, and a sec- 
ond system (#6) is also both finite and complete, then the 
system CS) derived from (A) and (B) by transvection is 
finite and complete. In view of Gordan’s theorem this 
proves that the simultaneous system of any two binary 
quantics f, g is finite, and that this simultaneous system may 
be found from the respective systems of:f and g by trans- 
vection. Similarly for a set of m quantics. 


I. Linear form and quadratic. The complete system of 
two linear forms consists of the two forms themselves and 
their eliminant. For a linear form / = 1,, and a quadratic 


Ft, we have. . 
(A)= 1, (B)=} f, DI. 
Then SN consists of the transvectants 
rs ete yy daz § aha 2 La 
Since D is an invariant S is reducible unless B=0. Also 
d<+y, and unless 6= y, (f% 2”)* is reducible by means of the 
product — 
| 6 ary ap OO Baas at 
Hence y=6. Again, by 


(fo, dae dS lita 2 Py, 
144 
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_ Sis reducible if 5>2. Hence the fundamental system of f 


and J is : 
S={f, Dl, (£0,Ch PB). 


When expressed in terms of the actual coefficients these 


forms are 
—_ an — / —— 
LO, +0 


SF = bri + 2 b, 2,2, + 6,02 = a2 = 02 = «. 
D = 2(6 96, — 67) = (ab )?, 
CA, LY) = Ca, — 5449) 2, + (0,4, — b,a))2,= (al)a,, 
Cf, @)? = 6 a2 — 2 6,a,a, + 0,02 = (al) (al’). 
II. Linear form and cubic. If /=/, and f=ai=63=..., 
then (cf. Table I), 
(A) = Ut (B)= Be x. Q, hk}, 

and Di (fF acy he) 


Since # is an invariant «= 0 for an irreducible transvectant. 
Alson =Sasin (1). If a+#0 then, by the product 


Cf, BC ft-1A8 gy, 18-3) 8-3, 
S is reducible unless 6 <3, and if 6<3 S is reducible by 
Cf, EPC Fo TAP QY, 1); 
unless 8 =y=0,ea=1. Thus the fundamental system of f 
and / is 


S={f, A, Q, BAD, AP? CF PB), 
(A, 1), (A, P)%, CA Ds (@ FP), CQ, B)%. 
Lb Two: quadratics. Let f= a4=—a2; 9 —02—6- =... 
Then 
(A) ={f, Di}, (B) =ig, Dai, S= (PDE g DEY 
Here 8B=65=90. Also 


2a>e2>2a—1, 
2yZzer72y-1, 
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and consistent with these we have the fundamental system 
S={f 9 Dy Dy (9), Ags: 
Written explicitly, these quantities are 
JF = ax? + 2 a,2,7, + 0202 = a2 = a= ..., 
g = b922 + 2 6,2,2, + 6,23 = 62 = 62 = ..., 
D, = 2( aga, — aj) = (aa')?, 
Dz = 2b by — BF) = (00')’, 
Ye) 
= (9b, — 4469) 23 + (Aqbg— Igbo) %1%_+ (4 4b,— ab, )22=(ab)a,b,, 
h=(Ff, 9)? = Aybg — 2 ab + yb) = (ab). 
IV. Quadratic and cubic. Consider next the simultaneous 
system of f= a2=a2=-...g=63=b3=.... In this case 
(A)={f, Di, (B= ig, A, Q, Bt, S=Cf*D#, 927A QR)’. 


In order that S may be irreducible. @B=d=0. Then in 
case y>2 and 6#+0, S=(f*%, g*A°Q*)” is reducible by means 


of the product 
GE AW al GS hace : CO) 
Hence only three types of transvectants can be irreducible ; 


Cf, A), Cf, D4, CFS 9° 0)” 
The first two are, in fact irreducible. Also in the third 
type if we take c= 0, the irreducible transvectants given by 
(f*, g*)” will be those determined in Chapter IV, Section 
3, III, and are 


Jd, 59), I I 


If c>1, we may substitute in our transvectant (f%, g*Q°)’ 
the syzygy 

Q? = — 3(A? + Rg?) ; 
and hence all transvectants with c>1 are reducible. Tak- 
ing a =0,¢=1 we note that (f, Q) is reducible because it 
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is the Jacobian of a Jacobian. Then the only irreducible 


cases are 
Cf, @)*, CF, @)?. 
Finally if e=1, a#0, the only irreducible transvectant is 
CF, 9@)°. 


Therefore the fundamental system of a binary cubic and a 


binary quadratic consists of the fifteen concomitants given 
in Table III below. 


TABLE It 
ORDER 
DEGREE 
| 0 1 2 | 3 
1 Aiea | g 
2 D GAs A (f,9) 
3 (f, 4)? Ciena Cf, A) Q 
4 R (f, Q)? 
5 Co. (f?, Q)° 
7 (3, 9Q)° 


SECTION 2. SYSTEM OF THE QUINTIC 


The most powerful process known for the discovery of a 
fundamental system of a single binary form is the process of 
Gordan developed in the preceding chapter. In order to 
summarize briefly the essential steps in this process let the 
form be f. Construct, then, the system A, which is finite 
and complete modulo (aé)%, z.e. a system of forms which are 
not expressible in terms of forms congruent to zero modulo 
(ab)?. Next construct A, the corresponding system modulo 
(ab)4, and continue this step by step process until the system 
which is finite and complete modulo (ab)” is reached. In 
order to construct the system A, which is complete modulo 
(ab)2*+2 from A,_,, complete modulo (a})*, a subsidiary 
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system 6,_, is introduced. The system B,_, consists of 
covariants of ¢ =(ab)*an-2*bn-2*, If 2n—4k <n then B,_, 
consists of the fundamental system of d. If 2n—4k>7n, 
B,_, consists of ¢ itself, and if 2n-—4k=n, B,_, consists 


of ¢ and the invariant (ab)2(6c)2(ea)?.. The system derived 
from A;,_,, B,_, by transvection is the system A,. 


I. The quintic. Suppose that n=5; f=a8=08=.... 
Here, the system A) is f itself. The system B, consists of 
the one form A = (ab)?a3b3. Hence the system A, is the 
transvectant system given by 


Cie). 


By the standard method of transvection, if y >2 this trans- 
vectant always contains a term of grade 3 and hence, by the 
theorem in Chapter IV, it may be transformed so that it 
contains a series of terms congruent to zero modulo (ab)4, 
and so it contains reducible terms with respect to this modu- 
lus. Moreover (jf, #)* is reducible for forms of all orders as 
was proved by Gordan’s series in Section 1 of Chapter IV. 
Thus A, consists of f, H, Cf, H) = fT. 

Proceeding to construct B, we note that ¢ =(ab)‘a,6, is of 
order <5. Hence B, consists of its fundamental system : 


B56 Di, 


where D is the discriminant of 7. Hence A, which is here 
the fundamental system of f is the transvectant system 
given by 
pa (F*He Ty, ED). 
The values e=fP=y=d=7=0,e=1 give D. Since D 
is an invariant ¢@ is reducible if 7 #0 and «+0. Hence 
e= 0. 
If 8 >1, ¢ is reducible by means of such products as 


(f°H 7”, t)( He, #)yr1, 
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Hence 
G) B=9 
Gi) e— U0; y— 0, 6= 1 
By Chapter IV, Section 4, IV, 
Te iT) 2, Be 
Hence 
T? = — 3H? (mod (ab)*). 


But if y>1, the substitution of this in ¢ raises B above 1 
and hence gives a reducible transvectant. Thus y= 0 or 
iCeb Chap V+Cl55)). 
Thus we need to consider in detail the following sets 
only : 
Cyc ore =a, 
Cl) & 0, a0, ee 
Gil) a =I, B= 9, y=1, 
| Gy) ¢— 0 Sy 0. 
In (i) we are concerned with (f%, 2°)’. By the method of 
Section 3, Chapter IV, | 
Oe Ly <2 O, 
5a—4y7< 5a, 


and consistent with this pair of relations we have 
Lf (AD (49% KP, HAA ED 
(f2, )8, £2, 7, C£% 24)8, Cf, 9, CF 1)”. 
Of these, (f?, 7#)® contains reducible terms from the product 
Ch ®)*Ch, 0), 
and in similar fashion all these transvectants are reducible 
except the following eight: 


fit HO HOL ADS AO HO CM PO”. 
In (ii) we have (7,7). But 7 = —(ab)?(bc)a3b2ct, and 
(T, 7) contains the term ¢ = — (ab)?(bc)(bi)a?b,c#,. Again 
(be) (bi )e,2, = 4[ (bc)%42 + (62)%e2 — (er )*62]. 
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Hence ¢ involves a term having the factor f. The analysis 
of the remaining cases proceeds in precisely the same way as 
in Cases (i), (ii). In Case (ii) the irreducible transvec- 
tants prove to be 

CT, % CT, 24, CL, BY, CL, 8, CL, 8°. 


Case (ill) gives but one irreducible Sos Wize Ad st) 
In Case (iv) we have 


CH, ¢), UH, i), CE, ®)8, CH, ®)4, CH, ®)5, UL, ®)?. 


Table IV contains the complete summary. The fundamen- 
tal system of f consists of the 23 forms given in this table. 


TABLE IV 
. ORDER 
DeE- 
ae a 1 2 3 4 5 pe) 
- J 
2 z AH 
3 (i, f)? (4, f) be 
a) (i, H)? aa. 
5 Cee As (#, f)? (i, T)? 
6 (2, HA (72, H)8 
7 (8, 7) (2, TY 
8 | (8, H)é (8, HS — 
9 (7, T)® a 
1 (#, T)8 
12 | (45, f2)1 
13 (8, T)? — 
18 |(@7, fT) 
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SECTION 38. RESULTANTS IN ARONHOLD’S SYMBOLS 


In order to express the concomitants derived in the preced- 
ing section in symbolical form the standard method of 
transvection may be employed and gives readily any con- 
comitant of that section in explicit symbolical form. We 
leave details of this kind to be carried out by the reader. 
However, in this section we give a derivation, due to Clebsch, 
which gives the symbolical representation of the resultant of 
two given forms. In view of the importance of resultants in 
invariant theories, this derivation is of fundamental conse- 
quence. 


I. Resultant of a linear form and an nic. The resultant of 
two binary forms equated to zero isa necessary and sufficient 
condition for a common factor. 

Let ta) bt = 1, a 
Then z,: %=— a: ,. Substitution in f evidently gives the 
resultant, and in the form 

(ae 
II. Resultant of a quadratic and an n-ic. Let 


b = 02 = PrGr 
The resultant R= 0 is evidently the condition that f have 
either p, or g, as a factor. Hence, by I, 
R= (ap)"(6q)". 
Let us express R entirely in terms of a, 6, ---, and «, B.-- 


symbols. 
We have, since a, 6 are equivalent symbols, 


= 31 (ap)"(6q)” + (49)"(Op)"s- 
Let (ap)(6q)= 4, (aq)(bp) =», so that 


Shy ig wee 
ee 2 
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THEOREM. Jf nis even, R= — ws rationally and inte- 


grally expressible in terms of p?p=(u—v)? and c=pv. If 
nis odd, (u+v) 4B is so expressible. 
In proof write 
S, = we + (— 1). 
R= 8,. 
Moreover it follows ao that . 
n= (H—v)S,-1 + HS 95 
S,-1 ee is 2k ae —3 


Then 


SC ens 
ee S, = 2, 


Also for n even 


and for n odd 
Sy=et+ Vy S, = 0. 
Now let 
QO = S, + 28, + 2S, + + 


= pS, + oS, + zpS, + 208, + 2S, + oS, +--+ 
Then we have 
= p(S,+ 20) + 0(8, +28, 4+ 2Q), 


and _ (p+92)S) + oS) 
1 — pz — a2? 


Then S, is the coefficient of z*~? in the expansion of 0. 


Now 
1 1 oz" oz 


1— pz—o2 1— pz SE eer el py 
=1+4 pz + pz? + pz? + -- 
+(1 +2 pz+ 3 p2?+ 4 p82? + -.-)oz? 


er ere doe rr 
TOV srr GPs 7s 


+2 p32?) az! 


= K)+ Kyz+ K+ K+ +, 
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where 
K,=1, K,=p* +o, Ki, = pt + 3 pa + 0%, 
ee iG maa K, = p® i ed ok 


Ky, = p*+ (h— Lop Se (= 3) a%ph-4 


4 (he oe 1)h=5)gs-64.., 


1.2.8 
But 


= {(pS, + oS,) + 208} 1K, + Kye + Kyt + +}. 
In this, taking the coefficient of z”~?, 


2 R = S,, = (pS, + CN) Ae + oS, K ae 
But, 
pK,» 25 oK,_3= n—1° 


R=}{8,K,_,+09,K, 9}. 


Hence according as n is even or odd we have 


Hence, 


2 R= pe +nop"*4 a nO) ot nt NN Ces DE oe 


re8 
2R= Pe ee Nee 4) 2on-5 
ae tet 


which was to be proved. 
Now if we write 


= 742 = a2 = 82 = os 


Prt = Fs Pde + P29, = 2 %%q. PoJa = H3- 


we have 


Then 
w+v= (ap)(bg) + (aq) (bp) 


29 


= (Ay Po — Ap Py) (549 — F991) + (4192 — 491) 1 Pe — Fe Py) 


= 2[ a,b, 02 = Ay Dotty thy rer And 04 Oe a Ab ,02 | 


= 2(ax) (be), 
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pv =o = (ap)(aq) (bp) (6g) 
= PaYa* Poo = (aa)*(ab)?, 
(mH — v)? =p? = §(ap) (bq) — (ag) (bp) }? = (ab)?(pq)? 
=— 2(ab)?( a8)? =—_ 2(ab)2D. 
Let the symbols of ¢ be a’, a” ..-; 8’, BY", ---,y,---. Then 
we can write for the general term of R, 


p™ ak =(p —v)"*(Cpv)F= (— anit D* "(aby 
x (aa!)® (8 )2(aal 2B)» Cau 58 )* 
(2) Ds A, 


Evidently A, is itself an invariant. When we substitute this 
in 2 R above we write the term for which k=1n last. This 
term factors. For if 


B= (aa')*(aa'' )* «- (au?) 
= (68')2(68'')? ae (aay, 


n 


then o = f°, 
Thus when vn is even, 
nn? n—2 nt 
R=(—D)?-2? Ayt+nC—D) ? 2? A, 
n(n=8) -_ py "Fp" 
oo) 2 eS 
12 
ar ae 
is SO) 


122-8 


We have also, 


n—1 Leas WEES 
pre—lok (uy +v)= AG ee 2) Stas 9 eg 
where A, is the invariant, 
A, = (ab)"* Cay) (by) + Caa!)?(aa!")? «+» Can )? 
+ OB'YOBN® + (BOY 
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In this case, 
n—1 n—3 


R=(—2D)* A,+(n—2)(-2.D) 7 A, 
n—5 


See 


2__ 
2 2 


Thus we have the following: 


THEOREM. The resultant of a form of second order with 
another form of even order is always reducible in terms of in- 
variants of lower degree, but in the case of a form of odd order 
this is not proved owing to the presence of the term A,_,. 


9 


A few special cases of such resultants will now be given; 


(a), (6), Ce), (a). 
(a) n=1:R=A, A,=(ae)?. 
(6) n=2:R=—DA,+ B, Aye (00 os = Clie): 
R= — («B)*(ab)? + (aa)2(68)?. 
(¢c) n=3:R=—2DA,+ A,, A, =(ab)2(ay) (by). 
A, = (ay) 67) (aa)?(68)?. 
B= —2(aB)*(ab)*(ay) oy) + (ay) Gry) (ae)?(68)?. 
(d) n=4: R=2 D2A,—4 DA, + BY, A,=(ab)4. 
Ay = (ab)2(ae)*(68)?. 
iB (an )cae ) 
R=2(«B)%a'B')*(ab)+— 4(«8)2(ab)?(aal )2(68')? 
+ (aa)*aa! )2(0B)2(BB")?, 


SECTION 4. FUNDAMENTAL SYSTEMS FOR SPECIAL 
GROUPS OF TRANSFORMATIONS 


In the last section of Chapter I we have called attention 
to the fact that if the group of transformations to which a 
form f is subjected is the special group given by the trans- 
formations 
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Me sin(@ — @) ce sin(@ — 8B) 


f — sine, sin 6; 
sin @ sin @ 


MY 
en | : 
sll @ : 


| ee 
Lo3 Vy 


then 
(g=ai+ 2 2,2,008 w + 23, 

is a universal covariant. Boole was the first to discover 
that a simultaneous concomitant of g and any second binary 
quantic f is, when regarded as a function of the coefficients 
and variables of f, a concomitant of the latter form alone 
under the special group. Indeed the fundamental simulta- 
neous system of g and f taken in the ordinary way is, from 
the other point of view, evidently a fundamental system of f 
under the special group. Such a system is called a Boolean 
system of f. We proceed to give illustrations of this type 
of fundamental system. . 

I. Boolean system of a linear form. The Boolean system 
for a linear form, 

b= Apt, + 442%, 


is obtained by particularizing the coefficients of f in Paragraph 
I, Section 1 above by the substitution 


(o 6, i) 
p ern) eee We 


Thus this fundamental system is 
b= aph, + 4420, 
g = x? + 2 x2, cos w + 23, 
a= sin? o, 
b = (a, COS W — A,)%,+ (Ay — 4, COS @) Zp, 
Rate 2 
ce = a2 — 2 aa, cos @ + af. 


II. Boolean system of a quadratic. In order to obtain the 
corresponding system for a quadratic form we make the 
above particularization of the 6 coefficients in the simulta- 
neous system of two quadratics (cf. Section 1, III above). 
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Thus we find that the Boolean system of f is 
f= agri + 2 ayryt, + a,75, 
gq = x? + 22,2, cos @ + 23, 
D = 2( a, — a?), 
ad == Sino a), 
€=a) + a, — 2 a, Cos a, 


Ff = (a COS @ — A) x? + (dy — ag) 24X_ + (a, — a, COS w) 273. 


III. Formal modular system of a linear form. If the 
group of transformations is the finite group formed by all 
transformations 7’, whose coefficients are the positive residues 
of a prime number p then, as was mentioned in Chapter I, 


Se yf, athe ‘Pp 
JRA ee 1422 


is a universal covariant. Also one can prove that all other 
universal covariants of the group are covariants of L. 
Hence the simultaneous system of a linear form 7 and J, 
taken in the algebraic sense as the simultaneous system of a 
linear form and a form of order p+ 1 will give formal 
modular invariant formations of 1. We derive below a fun- 
damental system of such concomitants for the case p= 3. 
Note that some forms of the system are obtained by 
polarization. Let f= a,z, +4,2,; p=3. The algebraical 
system of fis f itself. Polarizing this, 


C= (2) pa ag} + aah, (02 \F = art + a2 = C 
Ox Ox 
D=(a2 \s = diz, + aiz,. 


The fundamental system of universal covariants of the group 
f heats 
L= xix, — 2,23, Q= 28 + vjx3 + atch + 28 =((L, L)*, L). 
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The simultaneous system of f and LZ is (ef. § 1, IT) 
CL, fry (ry =1, +, 4)3 (F* @=1, +, 6). 


Of these some belong to the above polar system and some 


are reducible; as (Q, f#)?=/C (mod 8). But 
A= (L, f*)* = aba, — a a3, 
B= (Q, f°) a8 + aha} + chat + af 
B= (QPP) = ay (GG — aa} — ajar, + afryx} + ay( aj — af) 2} 
The polars (mod 3). 
(2 =) D ae (=) hor 
Ox Ox 


(#2) 4 = 0, G <)\B = A? 
da da 


are reducible. The polar C” is also reducible. In fact, 
"= CQ—fI7 (mod 8). 
The formal fundamental system of f modulo 8 is 


A. B, CP: E, f, L, Q. 


(nod 3), 


SECTION 5. ASSOCIATED FORMS 


Consider any two covariants $,, ¢, of a binary form 
F(a, %) of order m. Let the first polars of these be 
X= oz diy M= Ph; “bays 
or 
N= AyVYy + AYar B= By + Meo» (159;) 
where 


peewee Gy 2a, 2), 
p ox; 


Let the equations (159,) be solved for y,, y,. Then if J is 
the Jacobian of the two covariants ¢,, ¢,, the result of 
substituting y,, y, for x,, x, in f(%,, %) 18 


1 oe 
F(Yp Yo) = jm (A,A*+A,A™ lw + --- +A,w™) 


x= 1 aby 
n Ox; 


FUNDAMENTAL SYSTEMS 159 


and the forms A,, Aj, ---, A, are covariants of f, as will be 
proved below. But the inverse of (159,) constitutes a 
linear transformation on the variables y,, y, in which the 
new variables are A, w. Hence if 


PCM» yp 04s m3 Yr» Yo) 
is any covariant of f with 2, x, replaced by the cogredient 
set Yy. Ya and if f(y, y,) above is taken as the transformed 
form, the corresponding invariant relation is 
Anca A 
C"PCAgy yy 845 Ams Yys ya) = Te9( 2, Fn? ie Gk Xr, H). 
where C” is a constant. Now let (y) = (2), and this relation 
becomes, on account of the homogeneity in the coefficients, 


Os 
P(A, Ayy 211) Im 3 Ly, Vy) = = b(Ay Ay, +5 Ans Py $y): 


Thus every covariant ¢ of f is expressible rationally in terms 
of the m+ 3 covariants of the system 


Ae, A,, As, ee) a $, py. 


Such a system of covariants in terms of which all covariants 
of a form are rationally expressible is called a system of 
associated forms (Hermite). The expression for f(y, Y) 
above is called a typical representation of f. 

Now we may select for ¢, in this theory the universal 
covariant 

pe, = TY_— TY» 

and then the coefficient covariants A), A,, --- can be given 
in explicit symbolical form. First, however, we obtain the 
typical representation of f as an expansion based upon a 
formal identity. From 


N= AYy + AgYor B= MY + MeYo 
1.6. N=Ay p= p,; and f= a, we have the identity 
(Ap)a, = (ap)rA — (ar) pb. 
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If we raise both sides of this identity to the mth power 
we have at once the symbolical representation of the typical 
representation of f, in the form 


CVD ak CFF Yo) = Byd™ Rez MBA” 1 w+ oe + (—1)"B uw", 
where | 
B, an (am)”, B, as (apn)""*(anr), Bb, =e (ap )™?(anr)?, see 
Can), 
Also 
CFTR A ES 
Now with u = (vy) we have 
T= Ayr + Ag®y = Hy 
by Euler’s theorem. Moreover we now have 
B= ao =), By = ab (On); boas) * 
for the associated forms, and 
= 
$i 
ES 
$i 
Again a further simplification may be had by taking for 
g, the form f itself. Then we have 
Bf, By — (a ae by = 0) B= Cab) (aca?) er, + 
and the following theorem: 


PCA, Ay 3 Ys Yo =— (By — By By 3 4 4) 


and 


OCF, — By, By 23 di. 0): 


P(A, Ay 185 Vy %)= 


THEOREM. Tf in the leading coefficient of any covariant > 
we make the replacements 


45 Ags Ass 2 ‘ 


lis 
Gee — B,(= 9), B,, a B;, 
and divide by a properly chosen power of 6,(=f) we have an 
expression for d as a rational function of the set of m associated 


forms 
o(=f), By = 0), B,, Bs, oe, 
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For illustration let m = 3, f being a binary cubic. Let ¢ 
be the invariant R. Then since 


B, =(ab)(ac)b,¢, « a,b,c, = 4(ab)*a,b,c8 =4A -f, B,=fQ, 


where A is the Hessian, and Q the cubic covariant of f, the 
typical representation of f is 


PHY) = B+ AED + Or? 
If one selects for ¢ the invariant 
—4R=(aa, — a,4,)?— 4( aya, — a?) (4,43 — a3), 
and substitutes 
( Ay 4, Ass As ) 
pcs 0, 7, fae, ae Ohas 
there results _ 1 R=[(f4Q)? +4782] f°. 
That is, — Rft=2 G+ A’. 


This is the syzygy connecting the members of the funda- 
mental system of the cubic f (cf. Chap. IV, § 4). Thus the 
expression of # in terms of the associated forms leads to a 
known syzygy. 


CHAPTER Vit 


COMBINANTS AND RATIONAL CURVES 


SECTION 1. COMBINANTS 


IN recent years marked advances have been made in that 
branch of algebraic invariant theory known as the theory of 
combinants. 


I. Definition. Let f, g, h, --- be a set of m binary forms of 
order , and suppose that m < n; 
f= Agti +i g= bott +... h= Cott |... 
Let 
P (Aq, Ayy 2025 Do eres Coy eres Ly) Ly) 
be a simultaneous concomitant of the set. If ¢ is such a 
function that when f, g, h,--- are replaced by 


fi= Es+ ag CAt+ wy gi = Ef + NedJ + ooh ss 
W=€& f+ 3g + Ch + coger Sateocts (160) 
the following relation holds: 
f(a, es eee bi. anes oe Pla La) 
= (Eno ---)*b(ay, Aree 3 Bq tee gay rea gas Ly )s (161) 
where 
é., Ny Ge 


eae ees 


then ¢ is called a combinant of the set (Sylvester). 
We have seen that a covariant of f in the ordinary sense 
is an invariant function under two linear groups of trans- 
162 
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formations. These are the group given by 7 and the in- 
duced group (23,) on the coefficients. A combinant is not 
only invariantive under these two groups but also under a 
third group given by the relations 

My = FA + bq + Spey + +s 


ise a we a BOs oy 
; (162) 
NB ar nd 2 Si 


As an illustration of a class of combinants we may note 
that all transvectants of odd index of f and g are combinants 
of these forms. Indeed 


(E,f+ 9; E,f+ We 
Cas eG 9) a, 
=(&n(f 9)", 


by Cid)cand. (82). Hence (i,9) is 4 combinant (1 
cluded in the class (163) is the Jacobian of f and g, and the 
bilinear invariant of two forms of odd order (Chap. III, V). 


II. Theorem. very concomitant, $, of the set f, y, h 
which is annihilated by each one of the complete system of Aron- 
hold’s polar operators 


7s a combinant of the set. 


Observe first that ¢ is homogeneous, and in consequence 


ad)eaie (bg)=ibn 


where ?, is the partial degree of ¢ in the coefficients a of f 
%, the degree of @ in the coefficients of g, and so forth. 
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a) 0 
Since (a <\e = 0, then (a 5 )e 0; =. 208 


ad’ 
+ (Ea) +710) + «++ + ye 
5 bed 1 1°0 1 o) A( Ea) + Noy + ARE + Tey) 
ag! 
+ (E,a, + 910, + +++ + oye 
oa 1) aC Eats + aM + ++ +o9¢,) (164) 
ad! 
+ (E14q + 400 + oe + Oyen 
CE, UB vd | dae rary ree re a 
ag’ ag! 
+ +o, Se; =0. 
Aya Oat = - +04¢;) >> "0(E,a; + +++ +0,5¢;) 
(165) 
P Be d(E,a;+ +++ +o¢;) 
: > 0 Gast ey a is ee. aE, 
a ° i. e ° e e e e | 
g! acé a+ ++ + Oye; ) 
ne 2%: yas 7 (166) 
“> = d(€,a; = - + o46;) do, 
Hence 


0 
6p! = lat te aera gece aa =o 
0€, Ong 
and ee 
d G =0(s<ft) 

5, ‘= =(E5 catesy — , ET SES ae re, Oo; —) : oe 
oc 3g, + "5 is: p Soy Gee (167) 
where 7 is the total ee of @ in all of the coefficients. In 
(167) we have m? equations given by (8, t=1,--,m). We 
select the following m of these and solve them for the deriv- 


/ 
Se ae . 
6 / / / 
dd dp ad / 
— +} ae 
Ey ae! ae ae | a P's 
rs) / rs) ! rs) / : 
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Solution of these linear equations gives 


oD oD dD 
og! a 0&, Aran Og! _ an F eee ae. sai 
oF, (énf mae an, (En€ +) san Rdcee Gira gle 


But we know that 


Ae Oe dé, +52 - = dy + + © doy. 


0g, oy 
Hence 
ae 0D i,o! 
d¢' =(32 d eed jae 
b . fie ze t ae aa D 
ne - oie. 
Hence we can separate the variables and integrate: 
dg’ _ 
gap: 
p' = Dil (a, ---), (169) 


where F' is the constant of integration. To determine F, 
particularize the relations (162) by taking all coefficients 
E, n, ++» zero except 
Bah eee =—On = a 
Then aj =a, a), = 4), -++, 6; = 5, etc., and (169) becomes 
g=Ff. 
Hence ¢! = Dd, 


which proves the theorem. 

It is to be noted that the set (168) may be chosen so that 
the differentiations are all taken with respect to &, , +++ in 
(168). Then we obtain in like manner 


d! = Deg. 


Thus =i + =t,. 
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That is, a combinant is such a simultaneous concomitant that 
its partial degrees in the coefficients of the several forms are 
all equal. This may be proved independently as the 


III. Theorem. A combinant is of equal partial degrees in 
the coefficients of each form of the set. 


aayo)-(e2)(eaypen 
(a =) (3 x) |¢ et yh. 


Thus 7;=%. Similarly ¢;= 7% (7,4 =1, 2, --., m). 


Hence 


IV. Theorem. The resultant of two binary forms of the 
same order is a combinant. 


Let SHS (By %)s J = JB %)- 
Suppose the roots of f are (7, 7) (¢=1,---, n), and of g 
(s{?, s{?) @=1,---n). Then the resultant may be indicated 


(a! = \R= Sr, PQ, 7) «+ g(r, 7) =O, 


(55 \R = Solel, sP YF, BP) FCI, af) = 0. 


Thus R is a combinant by Theorem II. 

Gordan has shown * that there exists a fundamental combi- 
nant of a set of forms. A fundamental combinant is one of 
a set which has the property that its fundamental system of 


* Mathematische Annalen, Vol. 5. 
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concomitants forms a fundamental system of combinants 
of the set of forms. The proof of the Theorem II of this 
section really proves also that every combinant is a homo- 
geneous function of the determinants of order m, 


Up, by, Cky ae lie, 
Uk» br, Che li, 

. e e 2 
Tre Orn Ce. Lem 


that can be formed from the coefficients of the forms of the 
set. This also follows from (162). For the combinant is a 
simultaneous invariant of the linear forms 


Ea, +b, + So ++-+o0l, (kK=0, 1,552), (170) 


and every such invariant is a function of the determinants 
of sets of m such linear forms. Indeed if we make the 
substitutions 


—€= ae a Eon! ++ &,0', 
eee ame oe 
in (170) we Sune 


a are E 1a, ou 710% oe Ci ey 
b= eat ar ae a a a 


and these are ee the equations (162). 
For illustration, if the set of n-ics consists of 


SF = agri? + 2 a,x 1%, + 4473, 
G9 = boxy + 2 byryry + bya, 
any combinant of the set is a function of the three second 
order determinants 
(yb, — 4459), (Apbg — Aqby). (445g — ay51)- 
Now the Jacobian of f and g is 
T= (ayby — 4b) 2} + (agby — Ab) )Xy%q + (445g — gb, 25. 
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Hence any combinant is a concomitant of this Jacobian. 
In other words J is the fundamental combinant for two 
quadratics. The fundamental system of combinants here 
consists of J and its discriminant. The latter is also the 
resultant of f and g. 

The fundamental system of combinants of two cubics f, g, 
is (Gordan) 


b=(f,9), 0=(h*, A=, 4), GH AA (A, #), (A, Ft. 


The fundamental combinants are # and 9, the fundamental 
system consisting of the invariant @ and the system of the 
quartic & (cf. Table IT). 


V. Bezout’s form of the resultant. Let the forms f, g be 
quartics, 
SH Agth + yr, + oes 
9 = bert + bxhtg + +. 


From f = 0, g = 0 we obtain, by division, 


3 2 2 
My UX} + Ag X}Xy + Ugh 1X + AgX 


by bya} + barre + bgx425 + b a3” 


D 2 
Ugly TF AyLe _ AUpUi HF Aghy%q + AgD 
2 2 
boty + 05% grt + 5y2,2, + 5,27 
2 D 
Ayvs a 1X 1Xo — AnX5 2 Agr, + ios 
2 2 
byx? + 424X_ + box} gx, + Fyre 
2 2 3 
Mgt TF AyiLy + My ® XZ + Ash, _ Ag, 
3 2 2 3 
byx§ + byxta, + b,a573 + bgx3 by 


Now we clear of fractions in each equation and write 


A; b; 
Uy, by, 


= Pix: 


We then form the eliminant of the resulting four homoge- 
neous cubic forms. This is the resultant, and it takes the 
form 
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Po. Poe Pos Pos 
Rafa Pot Pw Put Pis Pr), 
Pos Post Pigs Pist+ Pos Pos 
Pos Pu Px Ps 


Thus the resultant is exhibited as a function of the deter- 
minants of the type peculiar to combinants. This result is 
due to Bezout, and the method to Cauchy. 


SECTION 2. RATIONAL CURVES 


If the codrdinates of the points of a plane curve are 
rational integral functions of a parameter the curve is called 
a rational curve. We may adopt a homogeneous parameter 
and write the parametric equations of a plane quartic curve 
in the form 


By = My EH + Ay ERE, + oe + Ay ES =F, CE Ee), 
Hy = Ang f + Mg E8Eg + oe + Mag &S = FQ (Ey Ga). (1701) 
Ty = Ag Et + Ag ERE, + o> + Agy&S = Fg (Ey Go) 


We refer to this curve as the &,, and to the rational plane 
curve of order n as the R,,. 


I. Meyer’s transtation principle. Let us intersect the 
curve &, by two lines 


Uy = UL, + Ug®e + Ugt, = 9, 

Vz = U2, + U_Lq + Ug7_ = 9. 
The binary forms whose roots give the two tetrads of inter- 
sections are 


Uy = (Ayoy + Agog + Aggy) Ef + (ayyWy + AqyWg + Ag1%s ETE, 
H+ (yyy + Aggy + Uggs EZEZ+ (Aygy + Aggy + Aggy) F153 
+ (Ayglly + Aggy + Agys ) ES, 
and the corresponding quartic v, A root (&’, &) of 


u;=0 substituted in (170,) gives one of the intersections 
(2, 2, a) of u,= 0 and the R,. 
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Now u; = 0, v; = 0 will have a common root if their result- 
ant vanishes. Consider this resultant in the Bezout form 
R. We then have, by taking 


Ain = AU, + Ay, + Ayu, (t= 0, +, 4), 


Pi = UiuUy — UAku: 


Thus 
Px = (WW ) 1 (A24A31, = Ay, M3; ) =f (W )o( Asin — Aji, ) 
LE (WY ) (Ay Ary, ce Ayo; )s 


where (Uv), = Ugg — Ugo, (UV) 9 = Ugd — UyVg, (UV) g = UV — Ug?y- 


Hence ; 
(uv), (uv), (uv), 
Pe=| ay Ax a3, |* 
4}, Ap, Azz, 


But if we solve w, = 0, v, = 0 we obtain 


£3 Ly i Ve =(w), > (UV )o ? (UV). 
Therefore 
i Mole eect 
Pw =O a; Hoy As; (a, k = Q, eae, 4), 
Me Ax Ase 
where o is a constant proportionality factor. We abbreviate 
Pe =O |na;a;,|. 


Now substitute these forms of p, in the resultant A. The 
result is a ternary form in By Yo, Xz Whose coefficients are 
functions of the coefficients of the &, Moreover the vanish- 
ing of the resulting ternary form is evidently the condition 
that u,= 0, v,= 0 intersect on the R, That is, this ternary 
form is the cartesian equation of the rational curve. Similar 
results hold true for the #, as an easy extension shows. 

Again every combinant of two forms of the same order is 
a function of the determinants 
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Hence the substitution 

Pa =o | ra,a, |, 
made in any combinant gives a plane curve. This curve is 
covariantive under ternary collineations, and is called a co- 
variant curve. It is the locus of the intersection of u, = 0, 
v, =0 when these two lines move so as to intersect the 
rational curve in two point ranges having the projective 


property represented by the vanishing of the combinant in 
which the substitutions are made. 


II. Covariant curves. For example two cubics 
SF = Agr? + 4,222, 4+ +, 9 = bx} + byx2ay + oes 
have the combinant 
K= (a)63 — agb,) — $(a4b, — agb,)- 
When A =0 the cubics are said to be apolar. The rational 
curve &, has, then, the covariant curve 
K(«) = |xa,a,| — 4|xva,a,| = 0. 
This is a straight line. It is the locus of the point (u,, v,) 
when the lines u,= 0, v, = 0 move so as to cut A, in apolar 
point ranges. It is, in fact, the line which contains the three 
inflections of R,, and a proof of this theorem is given below. 
Other theorems on covariant curves may be found in W. Fr. 
Meyer’s Apolaritat und Rationale Curven (1883). The 
process of passing from a binary combinant to a ternary 
covariant here illustrated is called a translation principle. 
It is easy to demonstrate directly that all curves obtained 
from combinants by this principle are covariant curves. 


THEOREM. The line K(x)=0 passes through all of the 
inflexions of the rational cubic curve Rz. 

To prove this we first show that if g is the cube of one of 
the linear factors of f= aVa? a2), 


g = (afPa2, + af 2,)°, 
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then the combinant # vanishes identically. In fact we then. 


have 
b, = a(P8, b= 3 afP2ai), -.., 


and A, = aa ee, a, = Daal? ae, -»-. 


When these are substituted in it vanishes identically. 

Now assume that uw, is tangent to the #, at an inflexion 
and that v, passes through this inflexion. Then uw, is the 
cube of one of the linear factors of v,, and hence K(x) 
vanishes, as above. Hence A(xv)=0 passes through all 
inflexions. 

The bilinear invariant of two binary forms f,g of odd 
order 2n+1=™m is 


or 


En = Pom — ™Pim— + (3 )Pan-s ween ee (iP cus 


where f = ayzi' + ma ay 14, + +. 

If two lines u,=0, v,=90 cut a rational curve £,, of 
order m=2n+1 in two ranges given by the respective 
binary forms 

Urs Ups 


of order m, then in order that these ranges may have the 
projective property K,,= 0 it is necessary and sufficient that 
the point (u,, v,) trace the line 


K,.(@)= > (- 1a (a) 


This line contains all points on the RA, where the tangent 
has m points in common with the curve at the point of 
tangency. The proof of this theorem is a direct extension 
of that above for the case m = 3, and is evidently accomplished 
with the proof of the following: 


~COMBINANTS AND RATIONAL CURVES 173 


THEOREM. A binary form, f, of order m is apolar to each 
one of the m, m-th powers of its own linear factors. 


Let the quantic be 
f=ap=agzpt-:-: = Toya, — rx,). 
The condition for apolarity of f with any form g = 6” is 
Cab)” = Agbm — Mab, +--+ +(— 1) "Andy = Cf, 9)” = 0. 

But if g is the perfect m-th power, 

9 = (Pa, — 1) tq)” = Car)", 
we have (cf. (88)) 

Cf, 9)” =(ar, Gr? )™)™ = (-1)"aXo, 
which vanishes because (rf?, rf) is a root of f. 


To derive another type of combinant, let f, g be two binary 
quartics, 


S=ayth + daira te. g= beri t+ 4) z}7, +++ 
Then the quartic F=f+kg = Ayr++-:-, has the coefficient 
A; =a,;+ kb; ete 1, eis 4). 


The second degree invariant t; = A,A, — 4A4,A,+ 3 A? of 
F now takes the form 

(48 -kE DM mip 
where 6 is the Aronhold operator 


0 0 


eo} g 
° da, "da, 


4 da, 


0 


=o 
aa, 


$= 5b +h +b 
2 


and 
ee 2 
t= Ad, 4 a,a, + 54 az. 


The discriminant of t,, e.g., 


G = (61)? — 2 1(82), 
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is a combinant of the two quartics f, g. Explicitly, 


G = pig t+ 16 pis — 8 Pog Pig — 8 Por Ps + 12 Po Po4 — 48 PoP 99 


Applying the translation principle to G=0 we have the 
covariant curve 


FX) = agage |? + gel ayage |? — 9 |g tge ||ayagr| — 3 |aoayx|/agayr| 
+ 3 |QoMge| | gaye | — y'z|44q7||AQ4g7| = 0. 
If ¢;=0 the quartic F’ is said to be self-apolar, and the 


curve G(z)=0 has the property that any tangent to it cuts 
the A, in a self-apolar range of points. 


CHAPTER VIII 


SEMINVARIANTS. MODULAR INVARIANTS 


SECTION 1. BINARY SEMINVARIANTS 


WE have already called attention, in Chapter I, Section 1, 
VIII, to the fact that a complete group of transformations 
may be built up by combination of several particular types 
of transformations. 


I. Generators of the group of binary collineations. The 
infinite group given by the transformations 7' is obtainable 
by combination of the following particular linear transfor- 
mations : 

C: 2%, = AX, = KY; 
Gate yy 
OD 0) Ota t 
For this succession of three transformations combines into 
v= d(1 + ov)a} + Avz}, 
Ly = our oe PX 
and evidently the four parameters, 
jin, Ny — Cl, 1, — A, Ny Ne), 
are independent. Hence the combination of ¢, ¢,, ¢, is 
Ts a, = 40, + Mylo To = Agt! + MeL 

In Section 4 of Chapter VI some attention was given to 
fundamental systems of invariants and covariants when a 
form is subjected to special groups of transformations 77. 
These are the formal modular concomitants. Booleans are 


also of this character. We now develop the theory of in- 
175 
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variants of a binary form f subject to the special transfor- 
mations ¢;. 


II. Definition. Any homogeneous, isobaric function of 
the coetticients of a binary form f whose coefficients are 
arbitrary variables, which is left invariant when f is sub- 
jected to the transformation ¢, is called a seminvariant. Any 
such function left invariant by ¢, is called an antt-semin- 
variant. 


In Section 2 of Chapter I it was proved that a necessary 
and sufficient condition that a homogeneous function of the 
coefficients of a form f of order m be an invariant is that it 
be annihilated by 


9 


4 4 o3 
pil privacy pes Gy aakcliat sonata peas 
aN eae Mage age 


0 0 


0. 
1 : m 


ia, 


We now prove the following: 


TI. Theorem. A necessary and sufficient condition in order 
that a function I, homogeneous and isobaric in the coefficients 
of f=a™, may be a seminvariant of f is that it satisfy the 
linear partial differential equation OT = 0. 
Transformation of f= a z+ ma,2]4,+--. by t, gives 

fl sayr" + majyzy" 12, + -+-, where 

My = py 

A = Ag + 2ayy + ayr’, 


a}, = Am + MAn_yv + (3 an? + + fay” 


Hence 
da! da dal, da! da! 
—o — —l = iB —2=2 * —_3— 3 J 9 mma! 
re) . Ov % Ov > ay oil Ov 1 
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Now we have 


IL (a9, 12 ) OL Oa, , OF day OL dan 
Ov da) ov Oa, Ov dal, Ov 


a ia ag t 2 ie ae soe + mal, _ ioe ag t= QT (as +++). (172) 


) = (0 is a necessary and sufficient condition in 


order that [(aj, -+-, aj,) may be free from », z.e. in order that 
I( aj, -»-) may be unaffected when we make v=0. But when 
y= 0, a =a, and 
DCG ys-%5 Ae) 1 Gs 2 On) 
0 : a 

Hence == O(a), +++) = 9 is the condition that [(a), ---) be 
a seminvariant. Dropping primes, QT (a, ---)= 0 is a nec- 
essary and sufficient condition that I(a), +--+) be a sem- 
invariant. 


IV. Formation of seminvariants. We may employ the 
operator advantageously in order to construct the sem- 
invariants of given degree and weight. For illustration let 
the degree be 2 and the weight w. If w is even every sem- 
invariant must be of the form 


TH Ag Ayy AYA A yy + Ag g@y—g + o> + Aq, 
Then by the preceding theorem 
QT = (w+ ry) Ay Qy-y $C Cw — Wry + 2g) ay A-g +++ = 9. 
Or 


7 aie (w—1)A, + 22, = 0, (w— 2)A_ + BA, = 0, ++, 
dwt 1)rgy_y + Wyo = 9. 


Solution of these linear equations for 4, Ag, «++ gives 


[= a4, — (ate a (5 At s— 
es Die( oe 1 amit HN at Ge pe 10 ate 
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Thus there is a single seminvariant of degree 2 for every 
even weight not exceeding m. 
For an odd weight w we would assume 


LP Agty + 4A Gey + 20 + wy Yew co4)* 
Then O7= 0 gives 
w+r,=90, w—1)rA,+2r, =), -, 

ZW +B) Ag wg) + Z(H — 1)Agiw—py) = 95 Agee = O- 

Hence A, = Ay = +++ = Agyy_y) = 0, and no seminvariant exists. 
Thus the complete set of seminvariants of the second 

degree is 

A, = a2, 

A, = a,a, — ai, 

A,=a,a,— 4 a,a,+ 8 a3, 

A, = a4, — 6 a,a, + 15.a,a, — 10 a3, 

A, = ajag — 8 aa, + 28 aa, — 56 agas + 35 a2. 


The same method may be employed for the seminvariants 
of any degree and weight. If the number of linear equa- 
tions obtained from Q/=0 for the determination is just 
sufficient for, the determination of A,, Aq, Ag, ++» and if these 
equations are consistent, then there is just one seminvariant 
I of the given degree and weight. If the equations are in- 
consistent, save for Aj) =A, =A,= --- = 0, there is no semin- 
variant. If the number of linear equations is such that one 
can merely express all \’s in terms of vr independent ones, then 
the result of eliminating all possible X’s from J is an 
expression 
TDG t+ Neda + vee + AL. 


In this case there are 7 linearly independent seminvariants 
of the given degree and weight. These may be chosen as 


E; ye te. F ae 
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V. Roberts’ theorem. Jf C, is the leading coefficient of a 
covariant of f= ari + --- of order w, and OC, is its last coeffi- 
crent, then the covariant may be expressed in the forms 


i rely, 4 hare eet ale (173) 
3) w—l 
°C, 4, 7 


oe OC - 
See a meee 


Moreover, C, is a seminvariant and C,, an anti-seminvariant. 


Let the explicit form of the covariant be 


IGA Oi +(?) C221 + ++ + C22. 


Then by Chapter I, Section 2, XII, 
(O-a,5°)K=0. 
“On, 
Or 


DC ye" + (1G, — Cy age, +($ OC, — 2 Capea + 


+0(0C,_,-—o—1C,_,)a,0371 + (QC, — oC,_1) 23 = 9. 


Hence the separate coefficients in the latter equation must 
vanish, and therefore 


0.C,=0, 
OC, = C, 
00, =2 C,, 


OC, = (@ at 1) 0 —29 
QO C. — Oy 
The first of these shows that C) is a seminvariant. Combin- 
ing the remaining ones, beginning with the last, we have at 
once the determination of the coefficients indicated in (174). 
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In a similar manner 
(0 — 2, )K= 0, 
02, 
and this leads to 


00, = 00, 00, =(o—1)0,, ---, 0C_,=C., 00.=0: 


= 1 
wo(@—1)(w—2)-+ (@ —i+1) 


This gives (178). 

It is evident from this remarkable theorem that a co- 
variant of a form f is completely and uniquely determined 
by its leading coefficient. Thus in view of a converse 
theorem in the next paragraph the problem of determining 
covariants is really reduced to the one of determining its 
seminvariants, and from certain points of view the latter is 
a much simpler problem. To give an elementary illustration 


let f be acubic. Then 


O, 


OO,(i= 0, +, @). 


0 0 0 
a aa are 
and if Cy is the seminvariant a,a, — a? we have 
OC) = 4g — 4,4, O'C, = 2(a,a, — a2), O8C, = 0. 
Then 2 £ is the Hessian of f, and is determined uniquely 
from C). ; 


VI. Symbolical representation of seminvariants. The sym- 
bolical representation of the seminvariant leading coefficient 
Cy of any covariant £ of f, i.e. 


Ke =(ab)?(ae)? -»- at bic + (r+s+t+ +. =o), 


is easily found. — For, this is the coefficient of 2, in A, and in 
the expansion of 


(ab)? (ae)? «++ (ayty + Agy)'(by2y + bgtg)* + 
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the coefficient of z? is evidently the same as the whole ex- 
pression K except that a, replaces a,, 6, replaces 6,, and so 
forth. Hence the seminvariant leader of £ is 
Cy = (ab)? (ac)? «+ atbick (175) 
(r+8+t+ ---a positive number). 


In any particular case this may be easily computed in terms 
of the actual coefficients of f (cf. Chap. III, § 2, D. 


THEOREM. very rational integral seminvariant of f may 
be represented as a polynomial in expressions of the type Co 
with constant coefficients. 


For let ¢ be the seminvariant and 


P(A = P(Ayy ++) 
the seminvariant relation. The transformed of 


SF = (Gx + yt)” 
by 
ft 

is 

Sf! =[a,2) + Cay + «)2,]". 
If the a), a, ++» in (ay +++) are replaced by their symbolical 
equivalents it becomes a polynomial in @,, a, By, Gg, +++ say 
BCs tb pn een 

P(A; = F(a, VY + O58 35 Bywt Bo» vee) 
== (his 55 By jeg ree), 


Expansion by Taylor’s theorem gives 
0 0 0 
eeie fe 5 5 5 Ad ee => 0. 
Crs AG Pisg ad ave a ) (5 &g, By, Boy +++) 


Now a necessary and sufficient condition that # should sat- 
isfy the linear partial differential relation 


sPa(ad + ast ~)PaO 
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is that F should involve the letters a, §,, --- only in the 
combinations 


(a8), (ay), (BY). + 


In fact, treating 6f=0 as a linear equation with constant 
coefficients (a,, 8, --- being unaltered under ¢t,) we have the 
auxiliary equations 


doy 4B, _ 4%, | a 
ay By V1 0 


Hence F is a function of (@8), (ay), «+» with constant coeffi- 
cients which may involve the constants @,, 8;, +--+. In other 
words, since $(a)) = F(«,, -+-) is rational and integral in the 
a’s F is a polynomial in these combinations with coefficients 
which are algebraical rational expressions in the @,, 2, -+-. 
Also every term of such an expression is invariant under ¢,, 
i.e. under 
oe = 1, ctl, = HY + Oy, oer, 
and is of the form 


TD) = (aB) (ary)? AoA ay So vee, 
required by the theorem. 
We may also prove as follows: Assume that #’ is a func- 
tion of (a8), (ay), (ad), ++ and of any other arbitrary 
quantity s. Then 


OF ek es) OF dey), OF os 
a Otte ae O(aB) Ia, eee J(ay) It, ed 0s Bet,’ 
OF 2 @F Ae) dF ay), | OF as 
By 3B, 1 5¢aB) 6B, Uy es ae 
ye ee Sea roe Se se ER wana? weer Saar See 
OR = eR). oF 
a Ct CD 


OF 0069) 9 5 OF 
"1 aC@B) 6B, Ta apy” 
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Hence by summing the above equations we have 


oF Os Os OF 
oF = ( ——- —-—- )= a 3 
oe ees oe 


Since s is entirely arbitrary we can select it so that 6s + 0. 


Then “= 0, and ¥#, being free from s, is a function of the 


required combinations only. 


THEOREM. Every seminvariant of f of the rational integral 
type is the leading coefficient of a covariant of f. 

It is only required to prove that for the terms I) above 
w=p+o+4--- is constant, and each index 


Ps CO, eee 


is always a positive integer or zero. For if this be true the 
substitution of a,, 8, +--+ for «,, 8, ++. respectively in the 
factors of87--- of I, and the other terms of #’, gives a co- 
variant of order w whose leading coefficient is $(d, -:-). 

We have 


ST) = E (ab Cay yo BF oe = $C). 


If the degree of ¢ is 7, the number of symbols involved in [, 
is 7 and its degree in these symbols im. The number of 
determinant factors (a8) --- is, in general, 


W= Py t Pots + PyG-n> 


and this is the weight of ¢. The degree in the symbols con- 
tributed to I, by the factors (a) --- is evidently 2 w, and we 
have p, a, -:- all positive and : 
im > 2w, 
that is, 
o=im—2w =. 
For a more comprehensive proof let 


d = 0b, — 


0 
eee 0g em a 
Hence, since I) is homogeneous in the symbols we have by 
Euler’s theorem, 
(6d — dd)T, =(w+o-—w)l, =e), 
ae eos = (dd — ce + pee Son = ee on 


on tT, = Kw - be Dan a 1, 0, ) 


But 
61, = 0, hence éd*I'">) = k(@ —k +1)d* 1%. 

Also | 
da; = da” “a, = (m—1)a,,, = Oa; (i =0, 1, ---, m—1), 


a as eo: oe faa a 
dd = 2a da) + a dey hoe a 5 ddn_, = Od. 


On 
Hence d'T, is of weight w + &. 


Then 
" eaaaan BF = (). 


For this is of weight zm-+1 whereas the greatest possible 
weight of an expression of degree 2 is im, the weight of ai,. 
Now assume @ to be negative. Then d’”-’I, = 0 because 


ddim T= (im—w+1)[o—(im—w+1)4+1]d""T, = 0. 
Next d””"'T'") = 0 because 

ddim-"T, = (im — w) [@ — (im — w) + 1] dd" "T, = 0. 
Proceeding in this way we obtain T= 0, contrary to hy- 
pothesis. Hence the theorem is proved. 

VII. Systems of binary seminvariants. Ifthe binary form 
f = ag} + ma,zp x, + «++ be transformed by 


a / SE ; 
Ly = 21 + Vly Ve = Lo 


SEMINVARIANTS. MODULAR INVARIANTS 185 
there will result, 
fl = Op + myer + (2) tal + tO 
in which 
Ci; = ayyt + tay) + (3) dv’ * + ++» + 1a; y+ a; (176) 


Since OCo= Qa, = 0, C) is a seminvariant. Under what cir- 
cumstances will all of the coefficients C,(i= 0,---, m) be 
seminvariants? If C, is a seminvariant 


OC, = O(a + a,)= a Qv + a = 90. 


That is, Qv=—1. We proceed to show that if this condi- 
tion is satisfied QC; = 0 for all values of 2. 

Assume Qv =—1 and operate upon C; by QO. The result 
is capable of simplification by 

Ov = sv10Dy = — sy}, 

and is 
| 
00,= ~iay—(4)G—Day* =» = (2) G-nayt— 


—14;1+ a ap’) + 2 (5) Ay? + 


1) i—r—l , 
+(, ie Tees + 1l)a,v eet oss Se 7 


But 
(pie+ p= ne aoe 
Hence 0.0; = 0. 

Now one value of vy for which QVD=—lisv=~. If f be 


a 
transformed by 
x, = a — Tah, T= Ly 
ay 
then C,=0, and all of the remaining coefficients C; are sem- 
invariants. Moreover, in the result of the transformation, 
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+(— D5 ayaa? + (— DIG — Lat 


a ye 1)" ( ajay eC Dele a 


This gives the explicit form of the seminvariants. The trans- 
formed form itself may now be written 


m m r 'm— iy m— 
eg +(3) “a + (3) pai eee 


itt 
m Im 
Lo 


m—1 
PS 


THEOREM. very seminvariant of f is expressible ration- 
ally in terms of Ty, T,, 15, +++, Pn. One obtains this expression 


by replacing a, by 0, a) by Ty, and aa#9, 1) by ai in the 


original form of the seminvariant. Haxcept for a power of 
IT, =a) in the denominator the seminvariant is rational and 
integral in the "(1 = 0, 2, ---, m) (Cayley). 

In order to prove this theorem we need only note that f’ 
is the transformed form of f under a transformation of de- 
terminant unity and that the seminvariant, as S, is invarian- 
tive under this transformation. Hence 


BP ay, 
D Te ° [ai 


which proves the theorem. 
For illustration consider the seminvariant 


S(To 0, \= IS Gis, B45 Ags 145 Oy), (AIT) 


S = a,a,—4a,a, + 3 ag. 
This becomes: 


7 
wie yk r+T,), 
or 
S=aa,—4a,a,+ 33 


= © [3(aya, — a2)? + (aga, — 4 a2a,a, + 6 ayafa, — 3.at)]. 
2 | 
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This is an identity. If the ‘coefficients appertain to the 
binary quartic the equation becomes (cf. (125)) 
hay=3T2+T,. 
Again if we take for S the cubic invariant J of the quartic 
we obtain 


0 =T, 
} 0 
i J=|0 op us 83\9 
6 a a? 
1 1 1 
ip 2 es 
Ay : a : ai; : 


or 
toes = Pe 


Combining the two results for 7 and J we have 
Pil, =} ap, — 380 3= had + T3473. 

Now 2T, is the seminvariant leading coefficient of the 
Hessian H of the quartic f, and [T, is the leader of the co- 
variant 7. In view of Roberts’ theorem we may expect the 
several covariants of f to satisfy the same identity as their 
seminvariant leaders. Substituting 4H for T,, 7 for V3, 
and f for do, the last equation gives 

He +i /2J+ 2 7T?-JifrtH= 0, 
which is the known syzygy (cf. (140)). 


SECTION 2. TERNARY SEMINVARIANTS 


We treat next the seminvariants of ternary forms. Let 
the ternary quantic of order m be 


ie 
Em 
When this is transformed by ternary collineations, 
Hy = Aye, + MyXy + 1423, 
Vii y= AqU + My®q + 9% 
Ig = gly + Met + Ygr3, Cur) = 9, 


UL LLP POLL i 
array 23°, (M, + mM, + mz = mM). 


%& 
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it becomes f’, where the new coefficients a’ are of order m in 
the X’s, w’s, and v’s. This form f may be represented sym- 
bolically by 


f= a? = (ax, + Agr, + agrg)™. 
The transformed form is then (cf. C10). 
SF! = (aay t+ a, + a,a))™ (178) 


=o a Aa, Ay 8, in M3 m +m +m =m). 
or [tty |g |g 1'%y7t3* (My PEAS: ) 


Then we have 


/ eS 1 Mr 1 Vey if | 
An man, = 114,20, 3 


Now let 


a) 0 0 0 
( aa AD, 1 es 


(Pax) San + aR, Tay Col 8D). 


Then, evidently . as and a 


i a! =(us g a) (ax) a (m, +m, + mg= m) 

ON ON 

(179) 

This shows that the leading coefficient of the transformed 

form is a”, 7.e. the form f itself with (7) replaced by (A), 

and that the general coefficient results from the double 
ternary polarization of ax’ as indicated by (179). 


/m — mg — ms 


DEFINITION. Let ¢ be a rational, integral, homogeneous 
function of the coefficients of f, and ¢’ the same function of 


the coefficients of f’. Then if for any operator (u=), 
(=), +++, say for (=) the relation 
Ov Om 


ayes 


is true, ¢ is called a seminvariant of f. 
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The reader should compare this definition with the ana- 
lytical definition of an invariant, of Chapter I, Section 2, XI. 


I. Annihilators. A consequence of this definition is that 
a seminvariant satisfies a linear partial differential equation, 
‘or annihilator, analogous to Q in the binary theory. 

For, 


/ ¢' (5 “sa on dg! (> “nn 
05 ie 3, daa Om soe da! X Om a 


MyMgMz 
+ dg! (x ion), 
Odom Ou 


and 
da! ) 
WU a My yMgy~Mz — m,+1 My—l ym, — 
Xr ae ik ag On a, ? MA) ay sae) MoO, +1 m,—1 m,° 
Hence 
) ad! 
(ea = > Mam, +1 m,- Im, 57 = 9 Cy + My + Mg = mM). 
m; Ly pgs (180) 
Now since the operator 
) 
> MyAns+1 M,-1 DN 
mj Am mms 


annihilates ¢/ then the following operator, which is ordinarily 
indicated by Qz,z, is an annihilator of ¢. 


re) 
OS ae >3 Mom +1 m2-1 ne 


MyM2M3 


(m,+ m, + m,= mM) (181) 


Ur 


The explicit form of a ternary cubic is 


= 3 2 aS 3 2 
FH Agyg?} + 8 Ay VIL +3 Ayqq% XZ + Uygo%y + 3 gg V7Xs 

2 2 2 3 

A 6 441% 1Xq%q + 8 yg V3Xy + 3 Ay 99% V3 + 3 ApyyLoXZ + Agogt3- 


In this See case 


0 0 
0... = Bagg —— + 2 Ge) —— + 3 4199 =— + %015-— 
ie 1800 a ae 210 Ba a9 050 aa. 


190 THE THEORY OF INVARIANTS 


This operator is the one which is analogous to © in the 
\ 
binary theory. From (us 6" , by like processes, one obtains 


the analogue of O, e.g. Q,,,. Similarly 0,,, OQ.) Qe29 Oa a, 
may all be derived. An independent set of these six opera- 
tors characterize full invariants in the ternary theory, in the 
same sense that 0, O characterize binary invariants. For 
such we may choose the cyclic set 0.2, Q2275 O 


Now let the ternary m-ic form 


3X1" 


t= AmooLy" ot MAm—119% Ly = s* +. Umoy! 
m—1 af —2 ~ 
+ M(Am—yoyXT 1 + (mM — 1) Am 911 2P 2h q H +++ + App" 1) 2g 
+ . e . e . e e e e e . . e . e . e 5 
be transformed by the following substitutions of determinant 
unity : 
Beith Amo} 
qe - St , — 
Amo Amoo 
ee (183) 
te Pas 
Then the transformed form f’ lacks the terms x}”""!z}, xi"—I2h. 


The coefficients of the remaining terms are seminvariants. 
We shall illustrate this merely. Let m = 2, 


FH Agog} + 2 Ay 19% Ly + Agyg 7} + 2 44 91%y%3 + 2 Ao TeX + Aggy? 
Then 
Agog F) = Booty’ + (Ap2%99 — V9) Ve? + 2( 4911400 — %01%110) X95 
+ (4924299 — Vp) 27? 
It is easy to show that all coefficients of f’ are annihilated by 
c@) 


. 
TeX 


Likewise if the ternary cubic.be transformed by 


e 
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and the result indicated by A et Ag yh Ply + 025 
we have 
Ago = Mo9s (184) 
Agi = 0, 


A jo9 = 39943904120 — 2310) 

A p39 = 2 A319 — 3 G219%120%300 + 20303009 

Ago, = 0, 

Ay11 = A309 (43004111 — 42104201) 

Ayo) = @oo%21 — %300%201%120 — 2 %10%111%300 + 2 @3y0401> 

A joo = A399( 43994102 — or) 

A nig = GBoo%o12 — 430071024210 — 2 439042014111 + 2 23014210" 

A qo = 2 A351 — 8 Aso9%201%102 + %o03%300" 

These are all seminvariants of the cubic. It will be noted 
that the vanishing of a complete set of seminvariants of this 
type gives a (redundant) set of sufficient conditions that the 
form be a perfect mth power. All seminvariants of f are 
expressible rationally in terms of the A’s, since f’ is the 
transformed of f by a transformation of determinant unity. 


II. Symmetric functions of groups of letters. If we mul- 
tiply together the three linear factors of 
Se aD (1) (2) (2) (2) 
tS =Car, + ol 2, + es tg) (ar 2, Oe, eg) 
) 
(oP®a, + «fz, + af xe), 
the result is a ternary cubic form (a 8-line), f = @go97} + °*- 
The coefficients of this quantic are 
= eOS! tl) (2) lo) ae Cl) poate) 
Aggy = Day? ay? ay? = aya? ay”’, 
ED ) 
2) ) op (2) (3) 
eS) Ole 2h Oe) 
ogg = DUEQh USP ey? = ey! ey ey 
} 3) 
) PACS, 
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i (1) gy (2) (3) — gL) (2) (3) (1) gy (2) & (3) (1) (2) (3) 
M91 = Das nd) he = Lo) 2) ae + he lhe as + Oe ay af ’ 
ee (1) gy (2) gy (3) — gC) (2) (3) (L) gy (2) gy (3) (1) gy (2) » (3) 
A092 a= > oct as he =— Oy he, 2) oe ae hy he + he he ae 
oat (1) gy (2) g(3) — gd) (2) (3) (1) gy (2) gy (3) (1) ¢ (2) (3) 
Ao19 = Las he Oey = he (he ae + ho” by he + Ge On” hey” 5 


= (1) gy (2) gy (3) — gy (1) (2) 4 (3) 


These functions = are all unaltered by those interchanges of 
letters which have the effect of permuting the linear factors 
of f among themselves. Any function of the «{ having this 
property is called a symmetric function of the three groups 
of three homogeneous letters, 


(a, oa, of), 
(a, a, a), 
(a), a, of). 


In general, a symmetric function of m groups of three homo- 
geneous letters, @,, @,, &3, 7.e. of the groups 


m1 Caf, QP, af, 
Yo (a, a2, of), 


. . ° . e . 


YmCa{, ay", a3”), 


is such a function as is left unaltered by all of the permuta- 
tions of the letters « which have the effect of permuting the 
QLOUPS Y15 Yo **'s Ym AMong themselves: at least by such per- 
mutations. This is evidently such a function as is left un- 
changed by all permutations of the superscripts of the @’s. 
A symmetric function of m groups of the three letters 
(ty, %y, %, every term of which involves as a factor one each 
of the symbols «, a, ..., a is called an elementary sym- 
metric function. Thus the set of functions dg19, dg49) «++ above 
is the complete set of elementary symmetric functions of 
three groups of three homogeneous variables. The non- 
homogeneous elementary symmetric functions are obtained 
from these by replacing the symbols a, «{?, a{? each by 
unity. 
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The number WV of elementary symmetric functions of m 
groups of two non-homogeneous variables ap, 4, 9; Amal 1098 
is, by the analogy with the coefficients of a linearly factorable 
ternary form of order m, 


N=m+m+ (m—1)+(m—2)+4+-- +2+1=4m(m+3). 


The WM equations a,, =, regarded as equations in the 2m 
unknowns a”, of (r, s=1, ---, m), can, theoretically, be com- 
bined so as to eliminate these 2m unknowns. The result of 
this elimination will be a set of 


Emm + 38)—2m=4m(m—1) 


equations of condition connecting the quantities a,,59, 
Am—1199°*: Only. If these a’s are considered to be coefficients 
of the general ternary form f of order m, whose leading co- 
efficient aj )3 is unity, the 4m(m—1) equations of condition 
constitute a set of necessary and sufficient conditions in order 
that f may be linearly factorable. 

Analogously to the circumstances in the binary case, it is 
true as a theorem that any symmetric function of m groups 
of two non-homogeneous variables is rationally and integrally 
expressible in terms of the elementary symmetric functions. 
Tables*giving these expressions for all functions of weights 
1 to 6 inclusive were published by Junker * in 1897. 


III. Semi-discriminants. We shall now derive a class of 
seminvariants whose vanishing gives a set of conditions in 
order that the ternary form f of order m may be the product 
of m linear forms. 

The present method leads to a set of conditional relations 
containing the exact minimum number } m(m— 1); that is, 
it leads to a set of 4m(m—1) independent seminvariants of 
the form, whose simultaneous vanishing gives necessary and 
sufficient conditions for the factorability. We shall call 
these seminvariants semi-discriminants of the form. They 


* Wiener Denkschriften for 1897. 
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are all of the same degree 2m—1; and are readily formed 
for any order m as simultaneous invariants of a certain set of 
binary quantics related to the original ternary form. 

If a polynomial, f;,,, of order m, and homogeneous in three 
variables (2, %, #3) is factorable into linear factors, its terms 
in (#,, %) must furnish the (@,, 2) terms of those factors. 
Call these terms collectively aj, and the terms linear in z, 
collectively x,a7~'. Then if the factors of the former were 
known, and were distinct, say 

m ™m 
a = Ay LT $2, — rPx.)+ LT CP, 
i=1 i=1 
the second would give by rational means the terms in 2, re- 
quired to complete the several factors. For we could find 
rationally the numerators of the partial fractions in the 
decomposition of aj!-'/aji, viz. 


m 
a5 II ry) m 
i=1 : 


5 : 5 
Vir Ao i=l Tos oH r\ Xp 


a; 


and the factors of the complete form will be, of course, 
ra2,—rPr,+ at, (=1, 2, ---, m). 

Further, the coefficients of all other terms in f,,, are rational 
integral functions of the 7 on the one hand, and of the «a, 
on the other, symmetrical in the sets (7f?, —7(?, a). We 
shall show in general that all these coefficients in the case 
of any linearly factorable form are rationally expressible in 
terms of those occurring in a7, a@-'. Hence will follow the 
important theorem, 


THEOREM. Jf aternary form fy, 18 decomposable into linear 
factors, all its coefficients, after certain 2m, are expressible 
rationally in terms of those 2m coefficients. That is, in the 
space whose codrdinates are all the coefficients of ternary forms 
of order m, the forms composed of linear factors fill a rational 
spread of 2m dimensions. 
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We shall thus obtain the explicit form of the general 
ternary quantic which is factorable into linear factors. 
Moreover, in case f;,, is not factorable a similar development 
will give the theorem, 


THEOREM. very ternary form f3,, for which the discrimi- 
nant D of aj. does not vanish, can be expressed as the sum of 
the product of m distinct linear forms, plus the square of an 
arbitrarily chosen linear form, multiplied by a * satellite’ form 
of order m — 2 whose coefficients are, except for the factor D“, 
integral rational seminvariants of the original form fim. 


A CuLASss OF TERNARY SEMINVARIANTS 


Let us write the general ternary quantic in homogeneous 
variables as follows: 


Fam = UR, + a ty + a 7a + vee + Ang", 
where 


aS agtt + ag at lay + aga 203 +o + im ay 
(2 — 0, ik 2 ng! sd ng m) . 
Then write 


m-1 m-1 al 
Ay me Ax Oy, 


qin a (k) 
" I Cro Ta) 


Ste (ED 
Tg %y 11% 


CL) (2) (m)> - 
(Aq Seng? 72") 3 


and we have in consequence, assuming that D+ 0, and 


writing 
m 
aK) = al ’ atk) = EA ’ 
(Oye z : 
Or Ox, =r), rar) 02p a=r 9 a= (®) 


the results 


thy mol fait a Nm 
Ot, = 75 any / A ok) rat aM pa" (185) 
Hence also 
" ry yim (186) 
TU een 
a IO nee (k) Uy .()® 
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The discriminant of afi. can be expressed in the following 
form: 


D= T [attin/ dog — 1)irm-D, (187) 


oe 
and therefore a 


k) ym—1,!m Im Im Im Im 
1 aT Aoray Uontay 2° Urck-Urkty 12° a 
hy, Urlh) "Or 1) Oy( ie Or or ) aid (188) 


es ie 
and in like manner we get 


m 
m—] ,~m—1 qn) m(m—1l) 
Ll e = ar dana --- aten/(— D? D, (189) 
k=) 


The numerator of the right-hand member of this last equal- 
ity is evidently the resultant (say &,,) of agi, and aj’. 
Consider next the two differential operators 


0 0 
A, = La ee (m—1)aqy eaten TF Fyn —15—— 


9 


10 11 IA —1 
OA m—1 | 9Aim—2 da49 


and particularly their effect when applied to afi’. We get 
(cf. (186)) 
rh) 


m—l1 __ ,/m Le ina AL 7 Yaa q'™ 
Aare = 4k)? A.ana) = Soh) = P Unk)? Sad 


and from these relations we deduce the following : 


A Rin Me + Onl) (191) 


ATT sa ee ¢= [pmo (1D : 
or, oe (185) 


Im 
aor) Mn) ** * %,(m—) 


Ah. : 
(— Gee D =X Oy Oly +++ Om 17} - (192) 


In (191) the symmetric function = is to be read with refer- 
ence to the r’s, the superscripts of the r’s replacing the sub- 
scripts usual in asymmetric function. Let us now operate 
with A, on both members of (191). This gives 
A AR aa arya a) a m2) 4 Wee t) 
Ce Tim my Doo ary are) ae eer wo A 
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Let =, represent an elementary symmetric function of the 
two groups of homogeneous variables r,, 7, which involves 
h distinct letters of each group, viz. rf"~%+)(7 =1, 2, -.., h). 
Then we have 
as hee cae =[(- 1)a,a, cas TRB DN gia g asd (193) 
We are now in position to prove by induction the follow- 
ing fundamental formula : 
NS Toe, 
(— 1") |m — s— t|tD (194) 
= S[(—1)‘a,a, a Og Zig gh Er EtD oo. (FO pt fm] 
(=O 1 om. 6-0, 1), oe) 
where the outer summation covers all subscripts from 1 to 
m, superscripts of the r’s counting as subscripts in the sym- 
metric function. Representing by J,,,,, the left-hand 
member of this equality we have from (190) 


m—| ,~m—1 ... ~m—l 
1n(1) %,.(2) q, GD) 


a 
es (<- yy Se 


Im Im 
By n(1)% (2) °°* Fy (s—D) 
p(s) 
(1) (2) oo. ye (S) I (S+1) 20, p(Sth) p(sttt+]) .,. »(m) |, 
MrT, a me) Payer ge ae is je ) 


This equals 
Z(— 1) ayag + iS, 

where § is asymmetric function each term of which involves 
¢+1 letters r, and m—s-—t letters r,. The number of 
terms in an elementary symmetric function of any number 
of groups of homogeneous variables equals the number of 
permutations of the letters occurring in any one term when 
the subscripts (here superscripts) are removed. Hence the 
number of terms in &,,_, is 

|m— 8 

|m —s—tl|t’ 
and the number of terms in S'is 
(m —8s+1)|m—s/\t]m—s—t. 
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But the number of terms in 


(S)po(St+1) .., y(Stt) o(Stt+1) .., »(m) 
pear Ga ry ry i) : "9 ) 


is 
m—s+1//m—s—tlt+1. 
Hence | 
S=(t+ L)2n—s41) 
and so 
OG Sar e 
ai oe I ht = =2[(- LD aay 1% °° yep Tercera 


This result, with (193), completes the inductive proof of 
formula (194). 

Now the functions J,,_,_,,, are se ala simultaneous in- 
variants of the binary forms a”, ai™, all™, a1. We shall 
show in the next paragraph that the expressions 


In-s-t,t = Day a (18 freee (8 — 2, 3, LS M3 t= 0, a. sities Y | { 8) 


are, in reality, seminvariants of the form f;,, as a whole. 


STRUCTURE OF A TERNARY FORM 


The structure of the right-hand member of the equality 
(194) shows at once that the general (factorable or non-fac- 
torable) quantic f;,,(D #9) can be reduced to the following 
form = 

=i (7 x,— ra. zi ty, ) “te > > (ay — 5 pre >) Ly Fone ey: 


This gives ene the “satellite” form of f;,,, with coeff- 
cients expressed rationally in terms of the coefficients of f,,,. 
It may be written 


m m—s A”™-s-“ACR pee 
Dino = (Day — 1___~2—™ \ep-tt 
m—2 22 Ss (—1)#™ Yim—s—tlt 


m ms 


ep a ae a aay Jee) 


s=2 t=0 
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ve a) . . . 
Now the coefficients J,,_,_,, are seminvariants of bees Mi. 
fix ideas let m=3 and write the usual set of ternary operators, 


6] P Cs] Gs) 
2) x .2,= Ay + 2a + 3a + 444 >— + 24,,.— + 4), —, 
day, 0a, d ae 0 ‘WW : JAy9 
0 +24) +a Bey) g og ua als 
ae a "Oa an 2 12 one 
O75 =4,, + 2a +3a +a ST yeni Boy me 
Lek 204 105 005 ; 114 : 01 ay, oe. 


Then J,) is annihilated by O22, but not by Oxz,, 4, is anni- 
hilated by Oz, but not by O,,.,, and J, is annihilated by 
Qa e, but not by Ox .,. , In general J,,_,_, , fails of annihilation 
when operated upon by a general operator 2,,,, which con- 
tains a partial derivative with respect to a,,. We have now 


proved the second theorem. 


THE SEMI-DISCRIMINANTS 


A necessary and sufficient condition that f,,, should de- 
generate into the product of m distinct linear factors is that 
fm 2 Should vanish identically. Hence, since the number of 
coefficients in w,, 2 is } m(m—1), these equated to zero give 
a minimum set of conditions in order that f,,, should be fac- 
torable in the manner stated. As previously indicated we 
refer to these seminvariants as a set of semi-discriminants of 
the form f,,,-. They are 


Anta! R g= 2, 3, +++, m; 
See ) (5 se 3 } Soin 


(—1)i™™ |t|m—8—t “+5 M—8 


v8 


™m 


They are obviously independent since each one contains a 
coefficient (a,,) not contained in any other. They are free 
from adventitious factors, and each one is of degree 2m—1. 
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In the case where m= 2 we have 


0 a Ay 

This is also the ordinary discriminant of the ternary 
quadratic. 

The three semi-discriminants of the ternary cubic are given 
in Table V. In this table we have adopted the following 
simpler notation for the coefficients of f: 

SH Mgt + Ay XIX q A My yTZ + Agus 
+ bovtr, + 642, v,%, + O32, 


2 9 
HF Cy 413 1+ CyXyX3 


+ dyx3. 
TABLE V- 
io —In — Too 
4 Ay Aottgb? azagb, axb3 
— adb2 — 3.a,a3b3 + ayagbybt 
— 9 a3b? + Gadsby + azbobi 
+ 3 a,asbj — 3 agagb% — 2 agbob3 
— a3b} + ayb5 — M3, 
+ 3 aeb3 — 4 aya9b5 + adobe 
— axb3 + 9asb5 — 2ayasbijbs 
+ 6 ayagbobo + 9 azbob, + 3 asbybybo 
— 2 azbydo = AyAoAgbydy — Adybobybo 
+ ayazbob, + 2 ajasbybs — ab’ 
+ 8 Agdsbyb, — 6 Asdgbyby — a,b,b3 
— 4 ajasboh + 4 azbyb, + dsbjbe 
+ dA_qbyb5 — 8 a,d3b,b2 + b3 
— 9 agb,b, — Adydybo + Gad, 
— Bary + azaze, + 18 a, doAgdy 
— 18 ay, dA3Cy + 18 a, d94¢, — 4a3d, 
+ 4 a3cy — 4 adc, — 4 afasdo 
+ 4 aasey — 4a2a,c — 27 azdy 
+ 27 a3Cy — 27 abc, 
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In the notation of (197) the seminvariants in this table are 
Ly) = Dag + Rs, 
Lio = Day + AR, 
Ty = Day, + ALR, 
where D is the discriminant of 
OS AggU} + AgyX]Xq + +++ + Agge3, 
and #, the resultant of « and 
B= Aygt} H+ Oy 2% + MNQX. 
Corresponding results for the.case m = 4 are the following: 
Tg = ar tao 4} -— ID) — Ky, 
where 
t, = 03, — 8 Ay Ag + 12 agydyy, 


J, =2T a, dgg + 2T Aga2, + 2 a8. — TZ Ago Me%o4 — 9 My 1% 2%a> 


A190 a1) Ay 4 9 O 

0 “0 ayy Ay, A, Y 

1 0 0 A190 yy Ag Ug 
Ay 449— %M9%41 %Q%10 — %0%12 %3%10— %0%3 “0410 Ee, 

Ao Ay "Ap Ag Ayy Y 

0 Ao ari Ape A 3 U4 


the other members of the set being obtained by operating 
upon R, with powers of a ae 


a) rs) 
Oo, a : iz days da43 
A 4a +3a o ey ay +a 
,= SeSr So Ra 1 SS 
2 ee ope hy 0a4 


according to the formula 
APASR, (= 2 3, 45 $20 1 


hes —s—tt 4—s8). 


1 ache eae uD — 
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IV. Invariants of m-lines. The factors of a”, being assumed 
distinct we can always solve J, , ,,=0 for a,, the result be- 
ing obviously rational in the coefficients occurring in af, ay 1. 
This proves the first theorem of III as far as the case D+ U is 
concerned. Moreover by carrying the. resulting values of 
A,(8 = 2, 8, ++, m; t=0, 1, ---, m—-s) back into f;,, we get 
the general form of a ternary quantic which is factorable into 
linear forms. In the result aft, a”! are perfectly general 
(the former, however, subject to the negative condition 
D+#0), whereas 


Fa cee 7 ate Ons sae, 
— | ar D Dans = 1 ee m—j—1 sis 
( ) Aix lm — J “1 Lat =f! Ly La + 
4 AR Bn yn) ¢) = a wee, m). 


_(m—J 
Thus the ternary form representing a group of m straight ~ 
lines in the plane, or in other words the form representing 
an m-line is, explicitly, 


f= at, + 2,0%;71 ‘Ry 
m m ape GA 
rae | 4m(m—]) J 
ee) Pag, es —t—Jjlt 


j=2 i=0| 


gi tof (198) 


This form, regarded as a linearly factorable form, possesses 
an invariant theory, closely analogous to the theory of binary 
invariants in terms of the roots. 

If we write a}, = 28ly.j29 Of, = Uline, (4 = 1), and assume 
that the roots of I= 0 are —7r,, — 7g, — 73, then the factored 
form of the three-line will be, by the partial fraction method 
of III (185), 


38 
f= [[™ + iL — br /"y-r,) 
i=] 


Hence the invariant representing the condition that the 3-line 
Ff should be a pencil of lines is 
Q=|1 7, 4-,/h-,|- 
1 rs ly—r,/lh_-+, 


SEMINVARIANTS. MODULAR INVARIANTS 203 


This will be symmetric in the quantities 15 Tra Toy ALLEL AL 18 
divided by VR, where R=(r,—1,)?(rz—73)?(73— 1)? is 
the discriminant of the binary cubic aj, Expressing the 
symmetric function Q, = Q@/V R in terms of the coefficients 
of af., we have 


oes Ye ea? =e 
Q, = 2 AFA yg — M91 % 9%, + 9 Agyylog41 — 9 AyyApgyy + 2 AZo 


This is the simplest full invariant of an m-line f. 


SECTION 3. MODULAR INVARIANTS AND COVARIANTS 


Heretofore, in connection with illustrations of invariants 
and covariants under the finite modular linear group repre- 
sented by 7, we have assumed that the coefficients of the 
forms were arbitrary variables. We may, however, in con- 
nection with the formal modular concomitants of the linear 
form given in Chapter VI, or of any form f taken simulta- 
neously with Z and Q, regard the coefficients of f to be them- 
selves parameters which represent positive residues of the 
prime number p. Let f be such a modular form, and 
quadratic, 


Sey ee 2 
SF = Qy2?2 + 2 42,2, + A573. 


Let p=8. In a fundamental system of formal invariants 
and covariants modulo 3 of f we may now reduce all expo- 
nents of the coefficients below 3 by Fermat’s theorem, 


a3=a,; (mod 8) @=0, 1, 2). 


The number of individuals in a fundamental system of f is, 
on account of these reductions, less than the number in the 
case where the a’s are arbitrary variables. We call the in- 
variants and covariants of f, where the a’s are integral, 
modular concomitants (Dickson). The theory of modular 
invariants and covariants has been extensively developed. 
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In particular the finiteness of the totality of this type of con- 
comitants for any form or system of forms has been proved. 
The proof that the concomitants of a quantic, of the formal 
modular type, constitute a finite, complete system has, on the 
contrary, not been accomplished up to the present (December, 
1914). The most advantageous method for evolving funda- 
mental systems of modular invariants is one discovered by 
Dickson depending essentially upon the separation of the 
totality of forms f with particular integral coefficients modulo 
p into classes such that all forms in a class are permuted 
among themselves by the transformations of the modular 
group given by Z,.* The presentation of the elements of 
this modern theory is beyond the scope of this book. We 
shall, however, derive by the transvection process the funda- 
mental system of modular concomitants of the quadratic 
form f, modulo 3. We have by transvection the following 
results (cf. Appendix, 48, p. 241): 


TABLE VI 
NotTATION imag ConcoMITANT (Mop 8) 
A CA Bs At — Ay 
q (f?, Q)° Ay + Ayz + Aya + Ajay — a) — a 
Pee Yl gt, — 2,98 
Q  |((L, L)?L) a} + a5 + a5 + @y 
Ei Ayr, + 2ayeye + agK} 
Ss (f Q)? AX} + AyxiHy + AyAye3 + Myiry 
C1 (£3, Q)5 | (ajay — af) xy + (ay — Ae) (A} + Ap g) ye + (ay — aya) 15 
C2 (17, Q)* | (ap + aj — Aottg) 2} + (Ay + Ay) ayy + (az + A3— Apa) x3 


Also in g and C, we may make the reductions a?= a; (mod 3) 
(i=0, 1,2). We now give a proof due to Dickson, that 
these eight forms constitute a fundamental system of 
modular invariants and covariants of f. 


* Transactions American Math. Society, Vol. 10 (1909), p. 123. 
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Much use will be made, in this proof, of the reducible in- 
variant 


f= (aj — 1)(a?— 1) (a3 -— D=¢ + A?—1 (mod 8). 
In fact the linearly independent invariants of f are 
1 Ay to. (2) 


Proceeding to the proposed proof, we require the semin- 
variants of f. These are the invariants under 


= 2+ Ly £, = 2), (mod 8). 
These transformations replace f by f’, where 
a =M, a =a, +4, = A) — a, + 4, (mod 3). (t) 


Hence, as may be verified easily, the following functions are 
all seminvariants: 


Ay AZ, AA, a A4, azZA, B=(a2 —1)a,. (8) 


THEOREM. <Any modular seminvariant is a linear homo- 
geneous function of the eleven linearly independent seminvari- 
ante CL). (3s 

For, after subtracting constant multiples of these eleven, 
it remains only to consider a seminvariant 


i 2 2a? 2 2 2 
SS 445 H Olly Mg + Mg + WgAzas + HAM + aay + Baz + yao, 


in which a, «, are linear expressions in a?, a), 1; and 
Oto, +++, @ are linear expressions in a, 1; while the coefficients 
of these linear functions and 8, y are constants independent 
of a, 41,4. Inthe increment to S under the above induced 
transformations (t) on the a’s the coefficient of a,a3 is —a,a,, 
whence «,=0. Then that of a?a, is a,=0; then that of 
Ay Ay is 8 — ats, Whence B=a,=0; then that of a? is 
— a@,=0; then that of a, is —y—a a,, whence y=a,=0. 
Now S=a,a,, whose increment is «a, whence «,=0 
Hence the theorem is proved. 

Any polynomial in A, £ q, a), B is congruent to a linear 
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function of the eleven seminvariants (2), (8) by means of 
the relations 
P=—-I, P=lI— A*?+1, 
(A) As Ig=la,=1B=qA= 9B =4,B =), 
AB= B, aA?= A? + aA — A, 
ag = BA? — a2, B?=A1 — a3) } 


together with a3 =a), A®=A (mod 38). 

Now we may readily show that any covariant, K, of order 
6¢ is of the form P+ LC, where C is a covariant of order 
6¢—4 and P is a polynomial in the eight concomitants in 
the above table omitting f,. For the leading coefficient of a 
modular covariant is a modular seminvariant. And if ¢ is 
odd the covariants 


+ (nod 3), 


of, 1Q', Ci, CZ, (an invariant) 
have as coefficients of x 

apt, 1, B, A+ a2, 
respectively. ' The linear combinations of the latter give all 
of the seminvariants (2), (s).* Hence if we subtract from AC 
the properly chosen linear combination the term in 2’ cancels 
and the result has the factor xz. But the only covariants 


having U2 as a factor are multiples of Z. Next let t be even. 


Then 


3t 3t 33, 3t-3 t tot, 4, O*. ) 
FAP $OF QOH, Os (PTT ae 


have as coefficients of a 


Lemma. If the order @ of a covariant 0 of a binary 
quadratic form modulo 38 is not divisible by 3, its leading 
coefficient S is a linear homogeneous function of the semin- 
variants (2), (s), other than 1, J, ¢. 

In ys oof of this lemma we have under the transformation 
a a + Tas Ly Zp, 


C= Saf + Syrq a, + + = Srie + CS, + oS)alP 2}, 
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For a covariant C the final sum equals 
Saye + Seite + ++, St = S\Cal, al, ah), 
where aj, +++ are given by the above induced transformation 
on the a’s. Hence 
S| — 8S, = oS (mod 38). 
Now write S, = kazata2 ae, (t of degree < 6), 
and apply the induced transformations. We have 
WS} = hagz(ay + 4)?(ay — a + ag)? +t | 
= haz(ayr + a? + aya, + a2a3)4+ U, 
where r is of degree 8 and #’ of degree <6. Hence 
oS = k(ayr + aa? + aza,a,) +t! — t (mod 8). 


Since @ is prime to 8, Sis of degree <6. Hence S does not 
contain the term a?afa3, which occurs in J but not in any 
other seminvariant (7), (s). Next if S=1-+o, where coisa 
function of a), 4,, 4 Without a constant term, [C is a covari- 
ant C’ with S’=J. Finally let S=q+a,+0,A+4 o,A?+tB 
where t is a constant and the a, are functions of a. Then 


by (A) 
gS = I-A?+1+4+ 4,9, 


which has the term a?a?a2 (from J). The lemma is now 
completely proved. 

Now consider covariants (© of order a=6t+2. For ¢ 
odd, the covariants 


me 1 st+1  £3t (Y 3t 
Fo Oi Cry pica Ore 
have as coefficients of x? 


respectively. Linear combinations of products of these by 
invariants give the seminvariants (s) and A, A®. Hence, by 
the lemma, C= P+ ZC’, where P is a polynomial in the 
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covariants of the table omitting f, For ¢ even the co- 


variants 
FEST Ls CU, Oa 
have a), a2, A+ a2, B as coefficients of 2}. 
Taking up next covariants C of order o=6t+4, the 
coefficients of a? in 
FaV's P7O, CQO CIO! 
are, respectively, a), a2, B, A—a?A. Linear combinations 
of their products by invariants give all seminvariants not 
containing 1, /, g. Hence the eight concomitants of the 
table form a fundamental system of modular concomitants 
of f (modulo 3). They are connected by the following 
Syzygies : 
FO, =2(°+A)L, fQ=a+Af,, (mod 3). 
03-07 =(A+ DY4, 03-H,=A0 
No one of these eight concomitants is a rational integral 
function of the remaining seven. To prove this we find 
their expressions for five special sets of values of Ay By, Ao 
(in fact, those giving the non-equivalent fs under the group 
of transformations of determinant unity modulo 8): 


f A q C1 C2 Ss 
(1) 0 0 0 0 0 
(2) a? 0 —1 0 ot x 
(3) —7 0 1 0 et — xy 
(4) a} + 28 —1 0 0 0 xt + x5 
(5) 2 L\Lo 1 0 — Xi + 2% ay + a3 Tiare + X23 


To show that Z and Q are not functions of the remaining 
concomitants we use case (1). For f,, use case (4). No 
linear relation holds between f, C;, C, in which C; is present, 
since C, is of index 1, while f, C, are absolute covariaunts. 
Now f+#kC, by case (4); C,#hf by case (5). Next 
q# F(A) by (2) and (8); A+ F(q) by (4) and (5). 


CHAPTER IX 
INVARIANTS OF TERNARY FORMS 


In this chapter we shall discuss the invariant theory of the 
general ternary form 


= 7 — 6” = eee, 


Contrary to what is a leading characteristic of binary forms, 
the ternary f is not linearly factorable, unless indeed it is 
the quantic (198) of the preceding chapter. Thus f repre- 
sents a plane curve and not a collection of linear forms. 
This fact adds both richness and complexity to the invariant 
theory of ff. The symbolical theory is in some ways less 
adequate for the ternary case. Nevertheless this method 
has enabled investigators to develop an extensive theory 
of plane curves with remarkable freedom from formal 
difficulties. * 


SECTION 1. SYMBOLICAL THEORY 
As in Section 2 of Chapter VIII, let 
Sf (@) = af = (a2, + 4:%q + Agtg)" = OF = +. 
Then the transformed of f under the collineations V (Chap. 


VIII) is 
Sf! = (aya + 4,25 + 4,25)”. (199) 


I. Polars and transvectants. If (y,, Yq, Ys) is a set co- 
gredient to the set (21, % 73), then the (y) polars of f are 
(cf. (61)) 


fyesartat (k= 0, 1, +, m). (200) 


* Clebsch, Lindemann, Vorlesungen tiber Geometrie. 
209 
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If the point (y) is on the curve f= 0, the equation of the 
tangent at (y) is 
. ae = 1). (201) 
The expression 
foc 0 
2, OL, O25 
ea Pel 0 8 
|m \m [Pp 9Y, WY2 9Ys 
Doo 


02, 0%, dz 


F(adY)W)} (202) 


) y=2=a 


is sometimes called the first transvectant of f(z), 6(2), W(2), 
and is abbreviated (f, dw). If 3 


age ay x = ip i d(x) = b” = !” = tes, (2) = cP = clP — ey 


then, as is easily verified, 


CH, b, ) = (abe)am beer, 


This is the Jacobian of the three forms. The rth trans- 
vectant is 


Cf, bw)” =(abeyam—b2-"eP—" (7 = 0, 1+). (208) | 
For r=2 and f=¢=y this is called the Hessian curve. 


Thus 
AI: f)* = Cabejar—t cr? = 0 


is the equation of the Hessian. It was proved in Chapter I 
that Jacobians are concomitants. A repetition of that proof 
under the present notation shows that transvectants are like- 
wise concomitants. In fact the determinant A in (202) is 
itself an invariant operator, and 


A! = (Apv)A. 
Illustration. As an example of the brevity of proof which 
the symbolical notation affords for some theorems we may 


prove that the Hessian curve of f = 0 is the locus of all points 
whose polar conics are degenerate into two straight lines. 
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If g = o2 = 62 = «. = Ayy)2? + ++» is a conic, its second trans- 
vectant is its discriminant, and equals 


Ap 119 © 01 
(aBy)?=(2+ P53)” = 6 A190 )=—%a0—— % 1 | 


A191 %11 02 | 


since af = B?=... =a, etc. If (aSy)?=0 the conic is a 
2-line. 
Now the polar conic of f is 


fees m—2 __ ,/2,/m—2 __ 
Td 
and the second transvectant of this is 


CH i, Pye (Ae ea ae a (204) 


But this is the Hessian of f in (y) variables. Hence if (y) 
is on the Hessian the polar conic degenerates, and conversely. 
Every symbolical monomial expression ¢ consisting of fac- 
tors of the two types (abe), a, is a concomitant. In fact if 
 =(abe)?(abd)t «++ ards, «+, 
then 
fxs Uy CG 0, at 


Mh 
Ay b, Cy ay, b, d, 


eee a’ bs. oC 2 


since, by virtue of the equations of transformation a/, = a,, + 
Hence by the formula for the product of two determinants, - 
or by (14), we have at once 


$! =(rpv) Pte “(abo)”(abd)t ++ asbi, «+ = apn yrerng. 

The ternary polar of the product of two ternary forms is 
given by the same formula as that for the polar of a product 
in the binary case. That is, formula (77) holds when the 
forms and operators are ternary. 

Thus, the formula for the rth transvectant of three quan- 
tics, e.g. 


T=(f. dy py = (abeyranrbren, 
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may be obtained by polarization: That is, by a process analo- 
gous to that employed in the standard method of transvec- 
tion in the binary case. Let 


(be), = bye — bag. (b¢)g = b,e, — b,¢3, (be), = bye, — b,¢,. (205) 


Ase) = (abe). (206) 


Hence 7 may be obtained by polarizing a” r times, changing 
y,; into (6c), and multiplying the result by 6%-"c2-". Thus 


11 72 71 2\ (1 
ttn B= UF) Aaah) (Aah] 
= 2(acd) (bed)a,e, + 4(acd)*b,¢,. 


Before proceeding to further illustrations we need to show 
that there exists for all ternary collineations a universal co- 
vartant. It will follow from this that a complete fundamental 
system for a single ternary form is in reality a simultaneous 
system of the form itself and a definite universal covariant. 
We introduce these facts in the next paragraph. 


II. Contragrediency. Two sets of variables (2, 2, 23), 
(U4, Ug, Uz) are said to be contragredient when they are sub- 
ject to the following schemes of transformation respectively : 

By = DyXy + My Xy + 42%3 
Vii t= Nae, + at, + ae, 
Us = Ag@y + Myly + Vg 
1 = yey + Apa + AgUls 
At Uy = Mytly + Moly + Mgttg 
Us = VyUy + Vala + VgUy. 

THEOREM. A necessary and sufficient condition in order 

that (x) may be contragredient to (w) ws that 


should be a universal covariant. 
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If we transform u, by V and use A this theorem is at once 
evident. 

It follows, as stated above, that the fundamental system 
of a form f under V, A is a simultaneous system of f and wu, 
(ef. Chap. VI, § 4). 

The reason that w, = u,x, + u,v, does not figure in the cor- 
responding way in the binary theory is that cogrediency is 
equivalent to contragrediency in the binary case and uw, is 
equivalent ‘to (7y)=2Z,Y,—%Y , Which does figure very 
prominently in the binary theory. To show that cogredi- 
ency and contragrediency are here equivalent we may solve 


(aeee 
u,= AYU + AgUg 


jaraes 
Ug = ByUy + Mya» 


we find 
— AP) Uy = Aglly + Ha — %)s 
Ap) Ug = Aug + Hy C— U4); 
which proves that y,=+U.) y¥,=— u, are cogredient to 2, 


z,. Then wu, becomes (yx)(cf. Chap. 1, § 3, V). | 
We now prove the principal theorem of the symbolic 
theory which shows that the present symbolical notation 
is sufficient to represent completely the totality of ternary 

concomitants. 


III. Theorem. very invariant formation of the ordinary 
rational integral type, of a ternary quantic 
m 
oe enn 
can be represented symbolically by three types of factors, viz. 
(abe), (abu), 4,, 


together with the universal covariant u,. 


apeats (Emy =m); 


We first prove two lemmas. 
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LemMA 1. The following formula is true : 


3) 0 "eS hes " 
—_ — —||A, rN A 
OA ie Ohh de an 
| a. 8 ) 
MD ‘Hy Pag PFgl| = CQ, 207 
OH, Op, IMs ae ita, a 
0 0 oi 


dv, Ov, dre | 


where C+ 0 is a numerical constant. 
In proof of this we note that D*, expanded by the multi- 
nomial theorem, gives 


n 
DY = > : AIASAZ(HaYs — Myo)" H3¥1 — MyY3)"* 
§ (ty ltalts 
Gate ne aa, 


Also the expansion of A” is given by the same formula 
ve ~). We may 
Or, Om, OV, 

call the term given by a definite set 7,, 2, 73 of the exponents 
in D", the correspondent of the term given by the same set of 
exponents in A*. Then, in A™D", the only term of D” which 
gives a non-zero result when operated upon by a definite 
term of A” is the correspondent of that definite term. But 


D” may be written 


where now (A,u,v,) is replaced by ( 


PS me AAGAR( MY) MY) (MY). 


aTaEAT cea 


An easy differentiation gives 
(Sty), CUE MEIC, + abit D Ho} CU Eun) 


and two corresponding formulas may be written from symme- 
try. ‘These formulas hold true for zero exponents. Employ- 
ing them as recursion formulas we have immediately for 
Lai, 
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AnD = >( i -) (ili +t +4 


= (mnt 1 = 4Cmya + DAn+2). (208) 


4=0 


This is evidently a numerical constant (+0, which was 
to be proved (cf. (91)). 


Lemma 2. If P is a product of m factors of type a,, n of 
type 8,, and p of type y,, then A*P is a sum of a number of 
monomials, each monomial of which contains k factors of 
type (aBy), m —k factors of type a, n — k of type B,, and 
p — k of type ¥,. | 

This is easily proved. Let P= ABC, where 

A= Cee s-- a. 
B=BYR® «.. BO, 
C= yy > 2. 


Then 
( » — af cee, m 
eP (r) ACs) ABC | 
a Boy i 1 Ary /) 
Dydd, A EH apg [P= hm | 
. ate 


Writing down the six such terms from AP and taking the 
sum we have 


ABC 
AP = > (a BOY) —— PR, — (209) 


£,S,t 


which proves the lemma for k=1, inasmuch as ea has 
aX 
m — 1 factors; and so forth. The result for A*P now fol- 


lows by induction, by operating on both members of equation 
(209) by A, and noting that (e”8y) is a constant as far 
as operations by A are concerned. 

Let us now represent a concomitant of f by $(a, x), and 
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suppose that it does not contain the variables (w), and that 
the corresponding invariant relation is 


f(a’, x’, ++») = (Apr) h(a, 2, ++). (210) 
The inverse of the transformation V is 
ry = Aur) [ (uv) 2 + (ur) 9% + (ur) gr] 


etc. Or, if we consider (2) to be the point of intersection of 
two lines | 

Vy = VzXy + Uq®q + UgXo; 

Wy = Wy, + WeXq + WeX3; 
we have ; 

Hy i Lyi %a = (VW): (WW), : (WW). 

Substitution with these in z{,--- and rearrangement of the 
terms gives for the inverse of 


fy UpWy — V,Wy 


ie oe 
On. 
V,W, — VU,W 
Po ae V POM at e 
(Apr) 
ee VvWu — VpWy 
ny) 


We now proceed as if we were verifying the invariancy of 
d, substituting from V~! for 2}, x}, 7 on the left-hand side of 
(210), and replacing Qrmm, by its symbolical equivalent 
aaa” (ef. (199)). Suppose that the order of ¢ is o. 
Then after performing these substitutions and multiplying 
both sides of (210) by (Auv)* we have 


P(aranmray, VWy — VpWay +++) = (AmY)”*” H(A, 2 +++), 


and every term of the left-hand member of this must contain 
w+ factors with each suffix, since the terms of the right- 
hand member do. Now operate on both sides by A. Each 
term of the result on the left contains one determinant factor 
by lemma 2, and in addition w+o—1 factors with each 
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suffix. There will be three types of these determinant fac- 
tors é.g. 

(abe), (avw) =a,, (abv). 
The first two of these are of the form required by the 
theorem. The determinant (abv) must have resulted by 
operating A upon a term containing a,d,v, and evidently 
such a term will also contain the factor w, or else w,. Let 


the term in question be 
3 Rayb,v wy. 


Then the left-hand side of the equation must also contain 
the term 

— Rayb,vyuw,, 
and operation of A upon this gives | 


— R(abw)v,, 
and upon the sum gives 
R[ (abv)w, — (abw)v, ]. 
Now the first identity of (212) gives © 
(abv) w, — (abw)v, = (bow) a, — (avw)by = ba, — bya, 

Hence the sum of the two terms under consideration is 

L(b,a, me be), 
and this contains in addition to factors with a suffix only 
factors of the required type a, Thus only the two required 
types of symbolical factors occur in the result of operating 
hy A. 

Suppose now that we operate by A”t® upon both members 
of the invariant equation. The result upon the right-hand 
side is a constant times the concomitant $(a, 2) by lemma 
1. On the left there will be no terms with A, p, v suffixes, 
since there are none on the right. Hence by dividing 
through by a constant we have ¢(a, x) expressed as a sum 
of terms each of which consists of symbolical factors of only 


two types viz. 
(abe), a, 
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which was to be proved. Also evidently there are precisely 
w factors a, in each term, and w of type (abe), and w= 0 if 
¢ is an invariant. 

The complete theorem now follows from the fact that any 
invariant formation of f is a simultaneous concomitant of f 
and u,. That is, the only new type of factor which can be 
introduced by adjoining w, is the third required type (abu). 


IV. Reduction identities. We now give a set of identi- 
ties which may be used in performing reductions. These 
may all be derived from 


foe: ; 
a, 6, @,|=(abe)(zyz), (211) 
az b, Cz 


as a fundamental identity (cf. Chap. III, § 3, II). We let 
U4, Ug, Ug be the codrdinates of the line joining the points 
(©) = (Vy % Xz). (Y) = (Ys Yo Y3)- ~Then 
Uy 2 Ug 2 Us = (LY)? (WY )o? (Ys: 

Elementary changes in (211) give 

(bed)a, — (eda)b, + (dab)ec, — (abe)d, = 0, 

(beu)a, — (cua)b, + (uab)e, — (abe)u, = 9, (212) 

(abe) (def) — (dab) (cef) + (eda) (bef) — (bed) (aef’) =0. 
Also we have 
a,b, — a,b, = (abu), 


Vg, — UpWg = (abr). ie) 


In the latter case (7) is the intersection of the lines v, w. 
To illustrate the use of these we can show that if 
f=a2= --- is a quadratic, and D its discriminant, then 


(abe) (abd)c,d, = 4 Df. 


In fact, by squaring the first identity of (212) and inter- 
changing the symbols, which are now all equivalent, this 
result follows immediately since (abc)? = D. 
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SECTION 2. TRANSVECTANT SYSTEMS 


I. Transvectants from polars. We now develop a stand- 
ard transvection process for ternary forms. 


THEOREM. Every monomial ternary concomitant of f= 


ar = Or 


h = (abe)?(abd)! «-» (bed) «+» Cabu)s(bew)! «++ at oes, 


is a term of a generalized transvectant obtained by polarization 
from a concomitant >, of lower degree than ¢. 

Let us delete from @¢ the factor a%, and in the result 
change a into v, where v is cogredient to wu. This result 
will contain factors of the three types (bev), (bed), (bur), 
together with factors of type 6,. But (wv) is cogredient to 
-~. Hence the operation of changing (wv) into @ is invari- 
antive and (buv) becomes 6,. Next change v into u. Then 
we have a product ¢, of three and only three types, 7.e. 


(beu), (bcd), 6,, | 

$d, = (bed )* ae (beuy? oe bree aca. 
Now @¢, does not contain the symbol a. Hence it is of 
lower degree than ¢. Let the order of ¢ be o, and its class 
uw. Suppose that in ¢ there are 7 determinant factors con- 


taining both a and u, and & which contain a but not wu. 


Then 
otitk=m. 


Also the order of ¢, is 
wot leh , 
and its class 
ep e—tt+h. 
: : avy oN A 
We now polarize ¢, by operating (=) (y =) upon it and 


dividing out the appropriate constants. If in the resulting 
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polar we substitute v=a, y= (au) and multiply by a”-*-* 
we obtain the transvectant (generalized) 
T= (Hy a7, Ur)". (214) 
The concomitant ¢ isa term of 7. 
For the transvectant 7 thus defined £+7 is called the 


index. In any ternary concomitant of order @ and class mu 
the number + yw is called the grade. 


DEFINITION. The mechanical rule by which one obtains 
from a concomitant | 
C= AM Ao, 6 App Oy hoy °** Osys 
any one of the three types of concomitants 
C;, or A (44493) M4, 898 Dy Oy Coy, *** boys 
Ch, = Ady a lag +++ Ang Olay gy, *+* Ogy,s 
C; = A (1 0403) Ay, 88 Any Oyy 22% sry 
is called convolution. In this ai,, indicates the expression 
Ay 1% 41 H AyQ%q + Ayg%y3- 
Note the possibility that one « might be 2, or one a might 


be wu. 


II. Theorem. The difference between any two terms of a 
transvectant t equals reducible terms whose factors are concom- 
itants of lower grade than 7, plus a sum of terms each term 
of which is a term of a transvectant T of index © k +1, 


T= (dy, am, Uiy*. 
In this, $, is of lower grade than ¢$, and is obtainable from the 
latter by convolution. 


Let ¢, be the concomitant C’ above, where A involves 
neither w nor z. ‘Then, with > numerical, we have the polar 


Fa ve) (ye) dy 


_ ALM, Ary 899 Diy Qigia *** Upglyy 9? py Optin *** Sus (215) 
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Now in the th polar of a simple product like 


P= VirVer °°? Vtxs 
two terms are said to be adjacent when they differ only in 
that one has a factor of type ,,7;, whereas in the other this 
factor is replaced by ,,.‘y;,-_ Consider two terms, t,, t, of P. 
Suppose that these differ only in that a,,0¢,4y,4;, in t, is re- 
placed in t, DY G),,4n.4;,- Then t, —¢, is of the form 


ty ae to =B (On eu Any Aj oo Onley Ane Ajy)+ 
We now add and subtract a term and obtain 
ty ie to =B [ @ yy Mu (Uy jr — An Ajy ) An Any A jy (Cony Cour aoe Cnr, Sey ) | . (216) 


Each parenthesis in (216) represents the difference between 


two adjacent terms of a polar of a simple product, and we 
have by (213) 


ty — te = BCYL(A,A;) ) Oy hey + BCG 6,(UV) Ang Ajy+ (217) 


The corresponding terms in 7 are obtained by the replace- 
ments v= a, y=(au). They are the terms of 

S = — Bi ( (au) (,0;)£) aren — B'Av) 0) (4jAU) Anes 
or, since 

P (Ca) (An; )@) = (AAA; Uy, — (AGU) Ay 
Oo 
S = Bi (A,0;U) Gyan, — B'(,AjA) bq hey Ur 
7 B' (0,0, (AU) ) (AjAU) Anes 

where B becomes B’ under the replacements v = a, y =(au). 
The middle term of this form of S is evidently reducible, 
and each factor is of lower grade than rt. By the method 
given under Theorem I the first and last terms of S are re- 
spectively terms of the transvectants 


ue nae 
SS gee (CB, (4,40) ha a Uy b ahaner 
= H+1\ 2-1, é+1 
‘o (B,C OL) Aj Anas aru J* ai 
The middle term is a term of 


T; = (— By (a, QjU) Oyutens Ur ay ila etre 
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In each of these B, is what B becomes when v= u, y=2; 
and the first form in each transvectant is evidently obtained 
from w,6, = Cu, by convolution. Also each is of lower grade 
than @,. 

Again if the terms in the parentheses in form (216) of 
any difference t, — t, are not adjacent, we can by adding and 
subtracting terms reduce these parentheses each to the form * 


Cry = ta) + Cg — 75) oe a = 2) I (218) 


where every difference is a difference between adjacent terms, 
of a simple polar. Applying the results above to these dif- 
ferences T; — 7,,,; the complete theorem follows. 

As a corollary it follows that the difference between the 
whole transvectant 7 and any one of its terms equals a sum 
of terms each of which is a term of a transvectant of a” with 
a form ¢, of lower grade than ¢,, obtained by convolution 
from the latter. For if 7 


T= V1T1 oo VoTo a ee* + VT, + see 
where the v’s are numerical, then 7,is a term of t. Also 
since our transvectant 7 is obtained by polarization, =v; = 1. 


Hence 
T — T, =V,(7, — T) + Q(T. — Tr) + oe 


and each parenthesis is a difference between two terms of T. 
The corollary is therefore proved. 

Since the power of w, entering 7 is determinate from the 
indices k,i we may write 7 in the shorter form 


T= (,, a7)". 


The theorem and corollary just proved furnish a method 
of deriving the fundamental system of invariant formations 
of a single form f = a” by passing from the full set of a given 
“degree 7 — 1, assumed known, to all those of the fundamental 


*Isserlis. On the ordering of terms of polars etc. Proc. London Math. 
Society, ser. 2, Vol. 6 (1908). 
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system, of degree 7. For suppose that all of those members 
of the fundamental system of degrees <7z—1 have been 
previously determined. Then by forming products of their 
powers we can build all invariant formations of degree 7 — 1. 
Let the latter be arranged in an ordered succession 


b', b!, hl, a+ 


in order of ascending grade. Form the transvectants of 
these with a”, 7;=(6”, a™)**. If +; contains a single term 
which is reducible in terms of forms of lower degree or in 
terms of transvectants 7,97’ <j, then 7; may, by the theorem 
and corollary, be neglected in constructing the members of 
the fundamental system of degree 7. That is, in this con- 
struction we need only retain one term from each trans- 
vectant whith contains no reducible terms. This process of 
constructing a fundamental system by passing from degree 
to degree is tedious for all systems excepting that for a 
single ternary quadratic form. A method which is equiva- 
lent but makes no use of the transvectant operation above 
described, and the resulting simplifications, has been applied 
by Gordan in the derivation of the fundamental system of a 
ternary cubic form. The method of Gordan was also suc- 
cessfully applied by Baker to the system of two and of three 
conics. We give below a derivation of the system for a 
single conic and a summary of Gordan’s system for a ternary 
cubic (Table VI). 


III. Fundamental systems for ternary quadratic and cubic. 
Let f=a2 =02 =.... The only form of degree one is f it- 
self. It leads to the transvectants 

(a2, 62)%1 = (abu)a,b, = 0, (a2, 62)%?2 = (abu)? = L. 


Thus the only irreducible formation of degree 2 is LZ. The- 
totality of degree 2 is, in ascending order as to grade, 


(abu), a2b2. 
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All terms of (f%, f)*‘ are evidently reducible, z.e. contain 
terms reducible by means of powers of fand Z. Also 


(Cabu)?, 2)! 0 = (abe) (abu)e, 
=3(abe)[(abu)e, + (beu)a, + (cau)b,] = 4(abe)2u,, 
((abu)4, c2)*° = (abe)? = D. 

Hence the only irreducible formation of the third degree is 
D. Passing to degree four, we need only consider trans- 


vectants of fZ with f. Moreover the only possibility for an 
- irreducible case is evidently 


CfL, f+! = (abd) (abu) (cdu)e, 
= j(abu) (edu) [(abd)e, + (bced)a, + (dea)b, + (ach)d,] =0. 


All transvectants of degree 2 4 are therefore of the form 
PL’, foe O+k <8), 


and hence are reducible. Thus the fundamental system 
of f is 
UF, 14, PD; 
The explicit form of D was given in §1. A symmetrical 
form of Z in terms of the actual coefficients of the conic is 
the bordered discriminant , 


Ae 4110 «=F%101 “4 
74 a Pom 2 Sais Ma, 
4191 %11 %Ho2 Us 
te te Me OG 


To verify that Z equals this determinant we may expand 
(abu)* and express the symbols in terms of the coefficients. 

We next give a table showing Gordan’s fundamental 
system for the ternary cubic. There are thirty-four in- 
‘dividuals in this system. In the table, ¢ indicates the 
degree. 

The reader will find it instructive to derive by the 
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methods just shown in the case of the quadratic, the forms 
in this table of the first three or four degrees. 


TABLE VII 
i INVARIANT FORMATION 
0 U, 
ine, 


2 | (abu)?a,b, 


3 (abu)*(beu)a,c2, «3 =(abc)*a,b,C,, 82 = (abe) (abu) (acu) (beu) 


4 (aanu)a2a?, a,s2a?, S = a°, p® =(abu)?(cdu)*?(beu) (adu) 

5 &,8"(G0U)G,b2, 0,0,5,.0.b2, G,(abu) sb,, 2 = 4,0.6, (abu) 

6 a,b,8,(bcu) a2b,c2, a,s2(abu)*(bcu)c2, a,t2a2, T= a2 

7 | SiPR( spe), Gt (abu)a,d;, ADityAzdz, b,(abu)”b, 

8 a,b,t,,(bcu) a2b,c2, g® = a,b,¢,a2b2c2, a,t2(abu)?(beu)c?, s2¢2( sta) 


9 | (agquyazge, Puli pta), 86,0; ( sta) 


10 a,b,82.02b2(stx), a,82t,,(abu)*6, (stx) 


11 (equ) azq? 


12 (aaq)a202q°, p>s2t? ( pst) 


IV. Fundamental system of two ternary quadrics. We 
shall next define a ternary transvectant operation which 
will include as special cases all of the operations of trans- 
vection which have been employed in this chapter. It will 
have been observed that a large class of the invariant for- 
mations of ternary quantics, namely the mixed concomitants, 
involve both the (z) and the («) variables. We now assume, 
quite arbitrarily, two forms involving both sets of variables 
e.g: 

p 20% Ad, ,A2, 98 Ayy My Ory 2°* Ksys 


VY a Bb, b>, ee bor SiuPou hae je Bits 
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in which A, B are free from (2) and (wv). A transvectant 
of , and w of four indices, the most general possible, may 
be defined as follows: Polarize ¢ by the following operator, 


0 ra) 0 0 0 \# 0 \'p 
etd (1) (1) (2) Cities Bape BOC eae 
>(y d =) (u! ee (ys =) (u =| (u = (us =) 
0 \% 0 \% 0 0 0 \"2 0 \"e 
2. 2 ia ea (2) y (2) hoe Ee ae 
x (04 =) € en) € =) “(x ia) (4 sn) (0s x) : 


wherein €;, 4, 0; ¥; = 9 or 1, and 
Ye=i, D=Jj, To=kh, DYH=1; i+ JSr, k+l Ss. 
Substitute in the resulting polar 


@) yP =B, (p=1,2,+, 4), 

(6) yy =(6,u) (p=1, 2, +7), 

(¢) a = b, (p = i 2. cee, k), 

(d) oP = (Bye) (p=1, 2, ++, D), 
and multiply each term of the result by the 8,, 8, factors not 
affected in it. The resulting concomitant 7 we call the 


transvectant of ¢ and y of index ( ‘); and write 
: bie Cd, Wi, 
An example is 
(Ay Ap 0y, 617528 u)? ; aan Ayghy,(Agb,u) + Aygtty, (Agbyu) 
+ Aygtty,(44),W) + Argtty, (a, b,u). 
If, now, we introduce in place of ¢ successively products of 
forms of the fundamental system of a conic, z.e. of 
f= a2, L= a2 =(a'a"u)*, D=(aa'a’"), 
and for w products of forms of the fundamental system of a 
second conic, 
j= b2, Lr= B2 iis (6'b"w)?, PD = (6b'b")2, 
we will obtain all concomitants of fand g. The fundamental 
simultaneous system of f, g will be included in the set of 
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transvectants which contain no reducible terms, and these 
we may readily select by inspection. They are 17 in num- 
ber and are as follows: 


® = (a2, 52)02 = (abu), 
C05 oS oe 
Aj. = (47, Bio.) = 

= (4%, Bi) 03 = Apr ah 

= (a2, 62) 0 = w,0,,5,, 
a = (ai, 62) 5 = os 

= (ai, Bai = (aBx)a,8 
P= (ah, BAYY2=( oe 
C= (aii, OEBI)YY = 4 (482) b,.By, 
Cy = (a2, 528705 = a,(abu)b, Bus 


OC, = (a2a2, 62)%1 = «,(abu)a,,, 


Cy = (a202, 62) 9 = ag(a8r)a,0,,, 
G = CFL, gL i} = apm, (48x) a,b, 
T=(Cff, gL')}} = aga, (abu)a,B,,, 
K, = (FL, gL')):} = ap(abu)a,(a8r)b,, 
Ky = (FL, gL) } = % (abu) 8, (eB) ae» 
Ky = (SL, gL’) hj = tC abu) (abe). 


The last three of these are evidently reducible by the simple 
identity 
a. 0, a 


(abu) (a8r)=\ag be Bul: 
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The remaining 14 are irreducible. Thus the fundamental 
system for two ternary quadrics consists of 20 forms. They 
are, four invariants D, D’, Aj,., Ajg.; four covariants f, g, 
F, G@; four contravariants LZ, L', ®, ['; eight mixed con- 
comitants C,(i=1, -+-, 8). 


SECTION 3. CLEBSCH’S TRANSLATION PRINCIPLE 


Suppose that (y), (2) are any two points on an arbitrary | 
line which intersects the curve f=a”=0. Then 


Uy 2 Ug 2 Ug =(YZ)1: (YZ a: (Y2)8 


are contragredient to the 2’s. If (#) is an arbitrary point 
on the line we may write 


Ly = MY pH Nee Vo = MY q+ Neos V3 = 11Y3 + 19% 


and then (n,, 7,2) may be regarded as the codrdinates of a 
representative point (x) on the line with (y), (2) as the two 
reference points. Then a, becomes 


Ay = A,X + Aga + AgX, = 114, + 94%2 


and the (7) coordinates of the m points in which the line 
intersects the curve f= 0 are the m roots of 


IJ= In = (ayn, + AN)" = (bn, + b.n)"= eos, 


Now this is a binary form in symbolical notation, and the 
notation differs from the notation of a binary form h= a? 
= (A, + a2)" = ++ only in this, that a,, a, are replaced by 
a,, 4, respectively. _ Any invariant, 


LT, = =k(ab)?(ac)2 «+, 
of A has corresponding to it an invariant J of g, 


T= k(a,b, — a,b,)? (aye, — Aly) 
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If J=0 then the line cuts the curve f = a” =0 in m points 
which have the projective property given by Z=0. But 
(cf. (218)), 

(a,b, — a,b,) = (abu). 
Hence, 


THEOREM. Jf in any invariant I, = =k(ab)?(ac)! +++ of a 
binary form h = at = (a,x, + dyt,)"= ++. we replace each second 
order determinant (ab) by the third order determinant (abu), 
and so on, the resulting line equation represents the envelope of 
the line u, when it moves so as to intersect the curve f=a"= 
(A,X, + Agty + dgt,)"™=9 in m points having the projective 
property I, = 9. 

By making the corresponding changes in the symbolical 
form of a simultaneous invariant J of any number of binary 
forms we obtain the envelope of wu, when the latter moves so 
as to cut the corresponding number of curves in a point 
range which constantly possesses the projective property 
I=0. Also this translation principle is applicable in the 
same way to covariants of the binary forms. 

For illustration the discriminant of a binary quadratic 
h=a2=b2=...is D=(ab)*. Hence the line equation of 
the conic f= a2 = (a,2, + a,2%, + 4,%,)"= --- = 0 is 


L(t) 


For this is the envelope of w, when the latter moves so as to 
touch f = 0, i.e. so that D=0 for the range in which wz, cuts 
ae 

The discriminant of the binary cubic h=(a,z, + a,r,)3 
= 63 =... 18 


R= (ab)*(ac) (bd) (ed)?. 


Hence the line equation of the general cubic curve f= 
ae<=-- 1s (cf. Table Vil) 


pi = L= (abu)?(acu) (bdu)(cdu)?= 0. 
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We have shown in Chapter I that the degree z of the dis- 
criminant of a binary form of order m is 2(m—1). Hence 
its index, and so the number of symbolical determinants of 
type (ab) in each term of its symbolical representation, is 


k=tim=m(m—1). 


It follows immediately that the degree of the line equation, 
i.e. the class of a plane curve of order m is, in general, 
m(m—1). 

Two binary forms h, =a? =aj?= .--,h,=b7 = --., of the 
same order have the bilinear invariant 


if = (a6)*. 


If Z=0 the forms are said to be apolar (cf. Chap. III, 
(71)); in the case m= 2, harmonic. Hence (abu)™=0 is 
the envelope of w,=0 when the latter moves so as to inter- 
sect two curves f= a” = 0, g = b"™ = 0, in apolar point ranges. 
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EXERCISES AND THEOREMS 


1. Verify that T= aa,—4a,a,;+3 a2 is an invariant of the 

binary quartic 
S = Meat + 4 Axia + 6 aeias + 4 agra} + aor, 

for which E20 

2. Show the invariancy of 

C6, ( M2, + Mit.) — (A421 + Ap), 
for the simultaneous transformation of the forms 
S = GM, + %%, 

; J = Ay + 2 ayaa, + M1yQt5. 

Give also a verification for the covariant C of Chap. I, § 1, V, 
and for Js, 4 of Chap. IT, § 3. 

3. Compute the Hessian of the binary quintic form 

SF = Mt} + 5 ayaa + ++. 
The result is 
4H = (Apdly — Aj) aX} + 3(ApA3 — Ag) Aa, + 3(Apd, + AAs — 2 a5) arjarz 
+ (pds + T aya, — 8 ayag)ajaz + 3(ayas + a,af — 2 az)aza 
+3 (Ags — Aghl4)X,H2 + (Ags — af) a9. 

4. Prove that the infinitesimal transformation of 3-space which 

leaves the differential element, 
o = dx + dy’? + dz’, 

invariant, is an infinitesimal twist or screw motion around a 


determinate invariant line in space. (A solution of this problem 
is given in Lie’s Geometrie der Berithrungstransformationen, 


§ 3, p. 206.) 
231 
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5. The function 
q = My + AgAz + My} + Aza, — a} — a, 
is a formal invariant modulo 3 of the binary quadratic 


S = aget + 2 a42,2% + au} (Dickson). 
6. The function aa, + aa, is a formal invariant modulo 2 of 
the binary cubic form. 


7. Prove that a necessary and sufficient condition in order that 
a binary form f of order m may be the mth power of a linear 
form is that the Hessian covariant of f should vanish identically. 


8. Show that the set of conditions obtained by equating to 
zero the 2m — 3 coefficients of the Hessian of exercise 7 is re- 
dundant, and that only m — 1 of these conditions are independent. 


9. Prove that the discriminant of the product of two binary 
forms equals the product of their discriminants times the square 
of their resultant. 


10. Assuming (y) not cogredient to (x), show that the bilinear 
form 
SH ZA LY, = UY + AyWyYo + May LoYfy + AeXoYo, 


has an invariant under the transformations 
oy Hy = OE, + Bibo, X= yibi + SE2, 
Yi = Gym, + Bony Yo = yom + SoM 
in the extended sense indicated by the invariant relation 


@ By\\a% Be 
v1 8; y2 8, 


' ' 
Ay, Ag, 


! ! 
Ayo Age 


Ay, Ag 


Ayo Ane 


—— 
—- 


11. Verify the invariancy of the bilinear expression 
FL, = AyD29 + M2011 — M1202, — M1042, 
for the transformation by r of the two bilinear forms 
S = 30,29 py 9 = 2052 Yp- 


12. As the most general empirical’ definition of a concomitant 
of a single binary form f we may enunciate the following: Any 
rational, integral function ¢ of the coefficients and variables of f 
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which needs, at most, to be multiplied by a function y of the 
coefficients in the transformations 7, in order to be made equal 
to the same function of the coefficients and variables of f', is a 
concomitant of f. 

Show in the case where ¢ is homogeneous that y must reduce 
to a power of the modulus, and hence the above definition is 
equivalent to the one of Chap. I, §2. (A proof of this theorem 
is given in Grace and Young, Algebra of Invariants, Chapter IT.) 


13. Prove by means of a particular case of the general linear 
transformation on p variables that any p-ary form of order m, 
whose term in 2 is lacking, can always have this term restored 
by a suitably chosen linear transformation. 


14. An invariant ¢ of a set of binary quantics 


Fi = Agty + vey fo = Oye + vey fg = CoP + + 


satisfies the differential See 


20d = O95 +2 Gia a oy I z 2B by ia 2b; z 
On 0b, 
Ve ee co + "he 0, 
Cy 
BO =( me, + (m — 1a to ty ee 
Jaq OGL | dby 
+(0— Noise + + Page 3 i ~) =0. 
Co 


The covariants of the set satisfy 


(30 a Fe an)* 0, 


15. Verify the fact of annihilation of the invariant 


Ag A Ay 
J=6)a, a, Msi, 
Mao Mg 


of the binary quartic, by the operators Q and O. 
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16. Prove by the annihilators that every invariant of degree 3 
of the binary quartic is a constant times J. 


(Suecrstion. Assume the invariant with literal coefficients and operate 
by Q and 0.) 


17. Show that the covariant Js, 4 of Chap. II, § 3 is annihilated 


by the operators 


0 7) 
QO —x2—, 30—2,—. 
. sare a 


18. Find an invariant of respective partial degrees 1 and 2, in 
the coefficients of a binary quadratic and a binary cubic. 
The result is 


I= (01D, mont b5) Ere ay (Dods vane byb.) + (bob. aa b?). 
19. Determine the index of Jin the preceding exercise. State 


the circumstances concerning the symmetry of a simultaneous 
invariant. 


20. No covariant of i 2 has a leading coefficient of odd 
weight. 


21. Find the third polar of the product f-g, where f is a 
binary quadratic and g is a cubic. 
The result is 


(19) vs = To Gus + 6 F,Gu2 + 3 F291). 
22. Compute the fourth transvectant of the binary quintic f 
with itself. 
The result 1s 


(i, j= 2 (dtgtty — 4 ajas + 3.a5)ay + 2(apds — 3 aya, + 2 Ang) aXe 
+ 2(aa; — 4 a,a, + 3 a3) a5. 


23. If F = a3b2c,, prove 


rend (ONNG) +N Spm0r 
Ole ace OC) rane 
(RR 
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24. Express the covariant 
= (ab)*(cb)cza, 
of the binary cubic in terms of the coefficients of the cubic by ex- 
panding the symbolical @ and expressing the symbol combina- 
tions in terms of the actual coefficients. (Cf. Table I.) 
25. Express the covariant + j =((f, f)‘, f)? of a binary quintic 


in terms of the symbols. 
The result is 


— j =(ab)?(bc)*(ca)*a,b,¢, = — (ab)*(ac) (be) c,. 

26. Let ¢ be any symbolical concomitant of a single form f, 
of degree 7 in the coefficients and therefore involving i equivalent 
symbols. ‘To fix ideas, let @ be a monomial. Suppose that the 
t symbols are temporarily assumed non-equivalent. Then 4, 


when expressed in terms of the coefficients, will become a simul- 
taneous concomitant ¢, of 7 forms of the same degree as f, e.g. 


S = agey + Maw, + +++, 
i a eo of eens, Soe tay 


ye Ly + ++ 


Also ¢, will be linear in the coefficients of each f, and will reduce 
to ¢ again when we set b; = -- =1,; =a,, that is, when the symbols 
are again made equivalent. Let us consider the result of operat- 
ing with 


d 7) 
6= Se ae ane + Pag (Pan). 


upon ¢. This will equal the result of operating upon ¢,, the 
equivalent of 8, and then making the changes 


6,= eee =e = a; Ge ese, m). 
Now owing to the law for differentiating a product the result 
of operating 5 upon ¢ is the same as operating 
a; 
) ) 


ae ee +3 
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upon ¢, and then making the changes b= --- =l=a. Hence the 
operator which is equivalent to 6 in the above sense is 


sa) ed) +8): 


When 6, is operated upon ¢, it produces 7 concomitants the first of 
which is ¢, with the a’s replaced by the p’s, the second is ¢, with 
the 6’s replaced by the p’s, and soon. It follows that if we write 


Te = Port + mpap 1a, + ++, 
and 
dp = (ab)"(ac)* eee abbe res, 
we have for ¢ the sum of 7 symbolical concomitants in the first 
of which the symbol a is replaced by z, in the second the symbol 
b by w and so forth. 
For illustration if ¢ is the covariant Q of the cubic, 


Q = (ab)*(cb)c2a,, 
then 
8Q =(7b)*(cb)c2a, + (ar)*(er)c2a, + (ab)?(xb)r2a,. 


Again the operator 6 and the transvectant operator 0 are 
evidently permutable. Let g, h be two covariants of fand show 
from this fact that 


5g, h)r = (89, h) + (9; dh)’. 
27. Assume 
x = ae, 
= (f, f)? = (ab)?a,b, = Ai, 
Q= (4 (SF; f)) = CA)aGA, = (ab)?(cb) cia, = Qi, 
R= (A, A)? = (ab)*(ed)*(ac) (bd), 
and write 


Q = B= Qari + SQiarja, + 3 Qpayag + 523 


Then from the results in the last paragraph (26) and those in 
Table I of Chapter III, prove the following for the Aronhold 


polar operator 8 =(037) : 
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f= Q, 

8A = 2(aQ)’a,Q, = 2(f, Q)? = 0, 
80 = 20, FG Q))+(@ A=— 4B, 
bk = 4A, (f, ))? = 0. 


28. Demonstrate by means of Hermite’s reciprocity theorem 
that there is a single invariant or no invariant of degree 3 of a 
binary quantic of order m according as m is or is not a multiple 
of 4 (Cayley). 


29. If fis a quartic, prove by Gordan’s series that the Hessian 
of the Hessian of the Hessian is reducible as follows: 


(H, 1)’, (H, HY) =— poe Pdf + FHP? — a"). 
Adduce general conclusions concerning the reducibility of the 
Hessian of the Hessian of a form of order m. 
30. Prove by Gordan’s series, 
(Oo er) 


where i= (f, f)‘, and f is a sextic. Deduce corresponding facts 
for other values of the order m. 


31. If fis the binary quartic 
faadatad=--, 
show by means of the elementary symbolical identities alone that 
(ab)?(ac)*b2c? = 4 f+ (ab)*. 
(Succrstion. Square the identity 
2(ab) (ac)b,¢, =(ab)%e2 + (ac)bz — (bc)?a;-) 


32. Derive the fundamental system of concomitants of the 
canonical quartic 


X4+ Y4+ 6mX?Y%, 
by particularizing the a coefficients in Table IT. 


33. Derive the syzygy of the concomitants of a quartic by 
means of the canonical form and its invariants and covariants. 
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34. Obtain the typical representation and the associated forms 
of a binary quartic, and derive by means of these the syzygy for 
the quartic. | 


The result for the typical representation is 
FP FQQHE + 3 Ay? +4 Thy + Gy? = § *)yl. 
To find the syzygy, employ the invariant J. 

35. Demonstrate that the Jacobian of three ternary forms of 
order m is a combinant. 

36. Prove with the aid of exercise 26 above that 

Cf a paca mts Cie aes 
is a combinant of f= a" and ¢ = a. 

37. Prove that Q =(ab)(bc)(ca)a,b,c, and all covariants of Q 
are combinants of the three cubics a3, 03, c2 (Gordan). 

38. Let f and g be two binary forms of order m. Suppose 
that ¢ is any invariant of degree i of a quantic of order m. 
Then the invariant ¢ constructed for the form », f+ vg will be a 
binary form fF, of order 7 in the variables »4, ».. Prove that any 


invariant of F, is a combinant of f,g. (Cf. Salmon, Lessons Intro- 
ductory to Modern Higher Algebra, Fourth edition, p. 211.) 


39. Prove that the Cartesian equation of the rational plane 
cubic curve i 


; = Ais + Andis. + + a6 (t= 1, 2, 3), 


is 
| Uly2| | A Ayer| — [MoAls| 
D(X, Loy 3) =] |ApA—x] apttgx|+ layagr| |a,a3x| | = 0. 
Japa} [aay] | oye | 


40. Show that a binary quintic has two and only two linearly 
independent seminvariants of degree five and weight five. 
The result, obtained by the annihilator theory, is 
data, — 5 a’a,a, + 10 agaja, — 10 aaja, + 4 a7) 
+ p(y — AZ) (A?3 — 3 Aga, + 2 aj). 
41. Demonstrate that the number of linearly independent 


seminvariants of weight w and degree é of a binary form of order 


m is equal to 
(w; i, m)—(w—1; 4, m), 
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where (w; 7, m) denotes the number of different partitions of the 
number w into i or fewer numbers, none exceeding m. (A proof 
of this theorem is given in Chapter VII of Elliotts’ Algebra of 
Quantics.) 


42. iy ar = OF —— is Oy ternary form of order m, aro that 
Cf oe —— (abu eae she, 
Prove also 
: “./m —2k\/m —2k 
0, 2k ai en : 
SO aa & i \ s— i \ta c) 
—) 
Ss 


« (abu)™ “(bew)** (aen)as oe ee 


43. Derive all of the invariant formations of degrees 1, 2, 3, 4 
of the ternary cubic, as given in Table VII, by the process of pass- 
ing by transvection from those of one degree to those of the next 
higher degree. 

44. We have shown that the seminvariant leading coefficient of 
the binary covariant of f= az, 


= (ab)?(ac)! +++ APD +, 
do = (ab)?(ac)2 +-- afb 


If we replace a, by a,, 0, by 6,, etc. in dp and leave ay, by, ++ 
unchanged, the factor (ab) becomes 


1s 


(Gy, + Ag8%y)by — (1% + dyay) Ay = (ab)ay. 
At the same time the actual coefficient a, = af~"as of f becomes 
POSES. 
|m day 
Hence, except for a multiplier which is a power of a, a binary 


covariant may be derived from its leading coefficient ¢) by re- 
placing in $9, do, dy, +++; Am respectively by 


a @.= 


f LOF 1 Sn Lied 1 anf. 
” ‘mda,’ m(m — 1) da’ : |m dats’ ~? Lan dace 


Illustrate this by the covariant Hessian of a quartic. 
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45. Prove that any ternary concomitant of f=a™can be de- 
duced from its leading coefficient (save for a power of u,) by re- 
placing, in the coefficient, a,,, by 


(Yas) (tae) 
(Cf. Forsyth, Amer. Journal of Math., 1889.) 


46. Derive a syzygy between the simultaneous concomitants of 
two binary quadratic forms f, g (Chap. VI). 


The result is 
— 2J2, = Dig’ + D,f? — 2 hfg, 


where J,, is the Jacobian of the two forms, h their bilinear in- 
variant, and D,, D, the respective discriminants of f and g. 
47. Compute the transvectant 
Cf, f)°? = (abu)*a,0,, 


of the ternary cubic 


a 
=a=b= > —— _ a, apogee, 
f=a a Fane wRarhor’ 


in terms of its coefficients a,,,(p+q+7r=3). 

The result for 4(f, f)*? is given in the table below. Note that 
this mixed concomitant may also be obtained by applying 
Clebsch’s translation principle to the Hessian of a binary cubic. 


ajuy Ti Ue aus W7Uy Uz {Ug wus 
41204102 2 41114201 1024300 2 d2104111 2 2014210 | . @3004120 
— ay — 2arno0d102 | — ay — 2 ay20G201 | — 2 a1110300 | — A349 
2 , 2 
Oy atguy 4 Og Uy Ug Iq WWW Ug WW Ugtlg 4095 
2a? 2 2 dona 43000 
41204012 an 41020210 42104021 2014120 3007030 
— 2 4114021 | — 2 Ge104012 | — 2 A2014111 | — 2 @2014030 | — 2 @300021 | — A210A120 
+ 41024030 | — 2 dio24120 | + 3004012 
+ 2 d2014021 
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pea | 2 S fa 2 
Quy TZUy Us 2g Tous TFUgUs aus 
40304012 2 ao24@111 0124210 2 204021 2 41114120 42104030 
sls 2 
Q21 — 2a204012 | — Q — 2 do30@111 | — 2 ao21de19 | — ee 
: 
Tey Uy XgUy Ug oars % Hz Ug @XzUoUg ryar3u5 
1200003 2 A2014012 43004003 2 ai 2 2104102 1204201 
— 2114012 | — 22104003 | — G2014102 | — 2 a201A021 | — 2 A3004012 |—2 ai114210 
+ 1024021 — 2 di20M102 + 43004021 
+ 2 ao104012 
2 2 
ez Volz U2 Loz LeU lg TezUgu3 aeyus 
20302003 2 o214102 40124201 2aido2| 2a%y 42104021 
— 214012 | — 2 A1204003 | — 2 @1114102 | — 2 Ao30%102 | — 2 do214201 | — 2 G1204111 
+  a2104003 — 242104012} + 4030201 
+ 2 a1204102 
: 
ye | 2 Siler | 2 4 
zy %z Uy Ug T3Ug C21 U3 Tu gus Tz tlz 
0214003 2 0124102 0034201 2 @1114012 2 1020111 2014021 
2 2 2 
— Ane — 2 a1114003 | — jog — 2 ao2di02 | — 2 ao124201 | — Mn 


48, Prove that a modular binary form of even order, the 
modulus being p > 2, has no covariant of odd order. 


(Sucerstion. Compare Chap. II, § 2, II. If \ is chosen as a primitive 
root, equation (48) becomes a congruence modulo p — 1.) 
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